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Abstract
Underground mining-induced subsidence is responsible for damages to built
features, assets, surface and underground water resources, and other envi-
ronmental features. The ability to predict and manage the effects of under-
ground longwall coal mining on ground surface is deemed necessary for coal
mining companies to seek approval from regulatory organisations. This abil-
ity is particularly important in cases where higher magnitudes of subsidence
and extents of damage to ground surface are expected, such as multi-seam
longwall mining-induced subsidence.
By reducing the number of untouched coal resources, the number of
multi-seam coal mines has increased to meet today’s energy requirement.
This increase has brought new challenges to mine subsidence engineers as
the observed subsidence above multi-seam coal mines indicate significantly
different subsidence characteristics in comparison with that of single-seam
mining. Multi-seam subsidence observations suggest that there is a different
strata movement mechanism involved in the multi-seam mining, which is yet
to be fully understood. In addition, the multi-seam mining-induced subsi-
dence is a case dependent phenomenon and currently available subsidence
predictive methodologies are unable to account for this case dependency of
the multi-seam subsidence to achieve reliable subsidence predictions.
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The aim of this study is to first investigate strata movement mechanism
and ground surface subsidence characteristics resulting from multi-seam long-
wall mining extractions and then, at the second stage, use the results of this
investigation to characterise and develop a reliable multi-seam subsidence
predictive methodology. For this purpose, several investigation methods are
utilised, such as physical and numerical modelling techniques and factual sub-
sidence observational data analysis. The key finding from these investigations
was that multi-seam mining configuration, i.e. relative location of the long-
wall panels in the two mining seams and interburden thickness, is the most
influential factor that alters the strata movement pattern and shape of the
multi-seam subsidence. Extraction of lower longwall panel from under pre-
viously extracted longwall panels creates specific strata movement patterns
and areas of fracture closure/opening above the previously extracted upper
mining seam, depending on the multi-seam mining configuration. Closure of
cracks and reduced bridging ability of the previously caved strata result in
enhanced magnitude of subsidence above overlapping areas of longwall pan-
els in the two mining seams. Existence of previously disturbed and caved
areas also alters the strata movement pattern and subsidence characteristics
above the edges of the lower panels. It was found that where edges of the
longwall panels are vertically aligned in the two mining horizons a steep and
concentrated subsidence profile forms above the edge of the lower panel. In
contrast, where lower panel’s edge is located under the previously extracted
upper panel a smooth and wide subsidence profile occurs.
At the next stage, results from different investigation methods were used
to characterise the multi-seam subsidence. For this purpose and to avoid
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generalisation of the multi-seam subsidence, it was suggested to divide the
extracted lower panel into a number of segments with different segmental
subsidence parameters in accordance with the relative location of the pan-
els in the mining seams. By this method, multi-seam subsidence due to
any mining configuration can be characterised. The proposed characteri-
sation was then employed to modify a conventional subsidence prediction
method, namely, Influence Function Method (IFM). The modified method
is called Discrete Influence Function Method (Discrete-IFM). This method
is based on superpositioning of subsidence influence from extracted discrete
segments with different subsidence parameters, which together form the ex-
tracted longwall panel, to calculate the final multi-seam subsidence profile.
The outstanding advantage of the Discrete-IFM in comparison with other
conventional subsidence prediction methods is its ability to predict subsi-
dence profile of any shape and magnitude for every multi-seam mining con-
figuration. Finally, the ability of the Discrete-IFM to predict multi-seam
subsidence profiles was demonstrated in a multi-seam mine case study. For
this purpose, the Discrete-IFM was first calibrated by two control cases. The
multi-seam subsidence in other locations was then predicted by means of the
calibrated method. The prediction results by Discrete-IFM were also com-
pared with selected commonly used prediction methods. This comparison
results indicated improved ability of the Discrete-IFM to predict the multi-
seam subsidence and its specific characteristics due to various multi-seam
mining configurations.
The findings presented in this study would enable mining engineers to
determine the extent of the multi-seam subsidence. The proposed conceptu-
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alised characterisation of the subsidence can be used to reliably predict the
multi-seam subsidence due to various mining configurations and evaluate the
impact of multi-seam mining on the ground surface.
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C H A P T E R 1
Introduction
1.1 Coal and longwall mining
Extraction of coal has been of great importance since the industrial revolu-
tion. Coal is an important source of energy and vital for electricity and steel
production in Australia and overseas. According to the World Coal Associa-
tion (2015) report, by 2015, coal generated power has been providing 30 % of
the global energy needs. It is responsible for 41.1 % of the world’s electricity
generation, and is being used for production of over 70 % of the world’s steel.
Coal-fire is the major source of electricity productions in Australia. During
the year 2013-2014, 61 % of the total produced electricity was generated by
coal (Australian Energy Update, 2015). In addition, black coal continues
to be the major energy export of Australia. These statistics illustrate the
importance of coal production for the world and Australia’s economy, energy
production and trades.
Coal can be extracted from coal seams by opencut or underground min-
ing. Many of the underground coal mines in Australia use longwall mining
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method (Australian Energy Resource Assessment, 2010) for its ability to
recover the largest portion of the coal deposit in comparison with other un-
derground coal mining methods, such as bord and pillar coal mining and strip
mining. Using this method, the coal is extracted in large sections (longwall
panels) and only a short width of coal (roadways or gateroads) is left between
extracted sections as access ways to the longwall panels for mine personnel
and machinery, ventilation purpose and to transport the extracted coal to
the ground surface (Figure 1.1). These roadways are supported by rows of
pillars, namely, chain pillars. The longwall panels’ size can reach up to 5 m
in height, and is typically 100 m to 500 m in width and 3000 m to 4000 m
in length.
In the longwall mining method, longwall panels are extracted using shearer,
which cuts a slice of coal from the face by moving back and forth along the
width of a longwall panel. Behind the shearer a conveyor belt is located
to carry the loose coal to the roadways. The coal is then carried out of the
mine from the roadways and up to the surface for processing. The face of the
longwall panel and the shearer are supported by a series of hydrolic-powered
shields, which gradually move forward, towards the panel face after cutting
a slice of the coal by the shearer. Behind these shields is the collapsed roof
layers (Figure 1.1). This area of a mine, which has been worked out, is
commonly known as goaf or gob (Suchowerska, 2014).
The longwall mining method is classified as a caving method, which means
that after extracting a longwall panel, the roof is left unsupported, allowing
the upper layers to cave into the void. By this method, considerable amount
of investment in permanent supporting of the workings is saved and the
6
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Figure 1.1: Longwall mining method layout (adapted from Suchowerska
2014).
necessity of leaving large coal pillars to support the longwall panels’ roof is
avoided. However, the strata movements associated with failure of the roof
layers after extraction of a longwall panel usually cause ground surface to
deform and subside, which impose significant threats to man-made assets
and the natural environment above the extracted panels.
1.2 Longwall mining-induced subsidence
Brady and Brown (2005) referred to the ground surface subsidence due to
longwall mining, where high proportion of the coal seam is extracted over
relatively large panels, as continuous subsidence. Continuous subsidence as-
sociated with longwall mining usually takes the shape of a trough above the
extracted longwall panels (Figure 1.2). This surface subsidence is a result
of the strata movements after collapse of the roof into an extracted longwall
panel (caving process), which propagate in the overburden layers towards the
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ground surface. The failed rock fragments eventually fill the void because of
their increased volume and the overburden rock layers bend and rest over
the caved material. These movements eventually reach the ground surface
and form a wider and smoother subsidence curve over the extracted panel
(Figure 1.3). Other types of subsidence, such as block caving, chimney holes
and crown holes (Brady and Brown, 2005), result in their specific type of the
ground surface subsidence and are not discussed in this thesis.
Subsidence limit
Extract
ed long
wall pa
nel
Subsidence trough Subsidence on a cross-section
Subsidence
limit
Goaf
Chain
pillars
Figure 1.2: Subsidence trough as a result of longwall mining (adapted from
Suchowerska 2014).
 ζ  
θ
Angle of draw
Angle of break
Extracted longwall panel Coal seam
Ground surfaceSubsidence profile
Maximum
subsidence Inflectionpoint
Figure 1.3: Typical continuous subsidence profile as a result of longwall min-
ing.
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Issues associated with mining-induced subsidence
Mining-induced subsidence and its associated movements impact the surface
and underground infrastructure in the vicinity of the longwall mining activity.
Buildings, pipelines, dams and other structures on the ground surface can
be affected by the vertical and horizontal movements as a result of longwall
mining (Deck and Anirudh, 2010; Can et al., 2012; Marschalko et al., 2014).
These effects can lead to formation of cracking in and/or collapse of the
structures.
In addition, mining-induced subsidence imposes significant impact on the
environment. Changes to the physical properties of the surface soil (Dejun
et al., 2016), groundwater loss (Li, 2016), vegetation disturbance (Huang
et al., 2015), and landscape change (Bian et al., 2010) are examples of the
influence of longwall mining-induced subsidence on the environment.
On the other hand, surface ground disturbance by longwall mining in
urbanised and industrialised areas may create reservoirs, which can provide
refuge for rare and protected species as described by Lewin et al. (2015).
However, these instances are rare and environmental issues caused by long-
wall mining-induced subsidence clearly outweigh its benefits.
The impact of the mining-induced subsidence on the ground surface can
also be controlled, to some extent, by taking various surface subsidence re-
ducing measures (Chen et al., 2016), such as backfilling (Yanli et al., 2011;
Zhang et al., 2015b), grout injection into bedding separations within the
overburden strata (Xuan et al., 2014), and abandoning larger coal sections
between panels or under subsidence-sensitive areas. These methods are par-
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ticularly useful in undermining of railways, buildings, water bodies (Zhang
et al., 2015b) and in places where even a small magnitude of subsidence
would impose serious threats to the safety of people, natural environment,
and man-made assets.
To be able to prevent or mitigate the subsidence damage on the ground
surface, the extent of the subsidence needs to be estimated and quantified
(Gonzalez-Nicieza et al., 2007).
1.3 Prediction of mining-induced subsidence and
its importance
As Holla and Barclay (2000) described, prediction of the ground surface
movements associated with the longwall mining are required to serve two
main purposes:
1) to help the design and selection of appropriate type of structures in the
area, which are likely to be influenced by the underground mining activity,
and
2) to assess the impacts of the proposed mining operations on the ground
surface and existing structures.
To achieve these purposes, the ability to predict the important charac-
teristics of the mining-induced subsidence, such as magnitude and location
of the maximum vertical settlement and the horizontal displacement and
the extent of the subsidence influence is deemed necessary (Gonzalez-Nicieza
et al., 2007).
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In addition, because of the adverse impact of longwall mining on the
ground surface, local authorities require detailed assessment of the expected
mining-induced subsidence characteristics and their environmental impacts
on the ground surface prior to granting mine plan approvals and licenses
(Adhikary et al., 2015).
An example of the importance of reliable subsidence prediction has been
mentioned by Glencore (2014). Glencore (2014) described that in the West
Wallsend Colliery, initial subsidence prediction over longwall panel 41 was
different from the observed subsidence after extraction of this panel. This dif-
ference resulted in re-designing the longwall panels 42 and 43, which brought
up loss of 113 Million Australian Dollars with the coal price at that time.
In this sum of money, cost of re-designing and construction of the roadways
suitable for the new longwall panels are not considered.
From this example and as stated by Brady and Brown (2005), it is clear
that reliable prediction of the mining-induced subsidence is vitally important
for designing and planning of underground mining operations.
The induced strata movements and the surface effects of the longwall
mining, in general, are reasonably well understood (Swift, 2014). This un-
derstanding helped predicting the surface subsidence with some confidence.
However, in presence of complicated cases the general understanding of long-
wall mining-induced subsidence should not be overlooked (Swift, 2014). Multi-
seam longwall coal mining is one of these cases, in which the strata movement
mechanisms underlying the formation of multi-seam mining-induced subsi-
dence (Suchowerska, 2014) and the subsidence characteristics due to various
positionings of multi-seam longwall panels are yet to be comprehensively
11
investigated .
1.4 Multi-seam coal mining
Coal deposits are mostly in the form of multi-seam reserves with various sed-
imentary rock layers of varying thicknesses separating the coal seams (Sui
et al., 2015). To achieve profitability together with engineering considera-
tions, mining companies normally start extracting the most profitable coal
seam first, leaving the thinner layers, or less commercially viable coal de-
posit untouched. However, the increasing demand for coal over the past few
decades has called for mining operators to return to the previously mined
areas, seeking the possibility of mining untouched coal seams under or above
the previously mined areas.
Multi-seam mining is referred to mining from under or above previously
mined or currently mining coal seams (Figure 1.4). Undermining (Fig-
ure 1.4b) is a more common practice of multi-seam mining in comparison
with the overmining (Figure 1.4a) because of the geotechnical challenges in-
volved in mining from above previously caved areas due to longwall mining
or simultaneous longwall mining in a lower seam. In this thesis, only the
undermining case, where the lower seam is mined by longwall mining after
longwall mining of an upper seam, is considered for its broader application
in coal mining industry (Figure 1.4b).
By decreasing number of untouched coal reserves, multi-seam longwall
coal mining is likely to be the main means of coal extraction in large portions
12
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Figure 1.4: Schematic (a) overmining and (b) undermining of previously
extracted coal seam.
from underground coal mines in Australia (Suchowerska et al., 2013). Given
almost 70% of the USA coal reserves are in multi-seam coal deposits (Luo
and Qiu, 2012a) is set to be an important indication and common practice
of multi-seam coal mining in the future of coal production. However, the
multi-seam longwall coal mining extractions have brought new challenges
for reliable assessment and prediction of multi-seam mining-induced ground
surface subsidence.
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1.5 Statement of the problem
It has been reported that the observed magnitude and profile of mining-
induced subsidence after multi-seam mining (multi-seam subsidence) greatly
vary from that of single-seam mining (single-seam subsidence) in various
countries (Holla and Thompson, 1992; Sheorey et al., 2000; Li et al., 2007a;
Luo and Qiu, 2012a; Unlu et al., 2013; Ren et al., 2014). The magnitude
of incremental multi-seam subsidence (subsidence due to the lower panel
extraction only) is often observed to be significantly greater than the subsi-
dence caused by single-seams and in some instances greater than the lower
seam thickness (Kapp, 1982; Holla and Thompson, 1992; Li et al., 2007a).
It has been observed that the measured multi-seam incremental subsidence
profile is more concentrated with steep decline over the edges of the panels in
cases where the edges of the panels in the two mining horizons are aligned in
comparison with staggered edges (MSEC, 2014, 2015). Furthermore, field ob-
servations have illustrated that the location of the maximum subsidence and
the extent of the mining-induced subsidence vary as a result of multi-seam
longwall extractions in comparison with the single-seam mining (Li et al.,
2010; MSEC, 2012d). In addition, arrangement of the longwall panels, rela-
tive location of their edges and the length of superpositioning of the panels
in the two mining seams have been stated as the main factors on the pro-
file of the resultant ground surface subsidence, which make the multi-seam
mining-induced subsidence a case dependent phenomenon (Galvin, 2016).
Differences between the observed multi-seam mining-induced subsidence
and that of single-seam mining indicate that there would be a different strata
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movement mechanism involved in case of multi-seam mining, which lead to
formation of multi-seam subsidence. Different researchers have presented
their understanding of the mechanism of multi-seam subsidence, caving pro-
cess, and stress fluctuation after multi-seam extraction based on the available
observational field data, scaled physical and numerical modelling results (Li
et al., 2010; Sui et al., 2015; Zhang et al., 2014). The most common explana-
tion for specific characteristics of the multi-seam subsidence is the consolida-
tion of the previously caved areas, closure of previously existed cracks, and
stress release in the previously mined area (Li et al., 2010).
However, characteristics of the multi-seam subsidence have not been stud-
ied sufficiently and the mechanism of the strata movements due to multi-seam
mining is yet to be fully understood. Likewise, available subsidence predic-
tion methods in the literature are mostly developed based on generalised
understanding of the strata movements due to single-seam longwall mining
and therefore are largely unable to account for specific multi-seam subsidence
characteristics.
From the discussion above, it is clear that there is a need to establish a
reliable multi-seam subsidence predictive methodology, which can take into
account the specific characteristics of the multi-seam subsidence and be appli-
cable to every multi-seam mining configuration. This predictive methodology
is required to be based on an improved understanding of the strata movement
mechanisms due to multi-seam mining.
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1.6 Objectives and outline of the thesis
As described by Brady and Brown (2005), a rational subsidence predictive
methodology can only be achieved through understanding the mechanisms in-
volved in the phenomenon. In this thesis, mechanism of the strata movement
due to multi-seam longwall mining and characteristics of the multi-seam sub-
sidence are investigated by means of physical modelling, numerical modelling
and factual subsidence data analysis. Outcomes of this investigation are then
employed for characterisation of multi-seam subsidence and modification of
a conventional subsidence predictive methodology in order to achieve reliable
multi-seam subsidence predictions. On this basis, the main objectives of this
thesis can be defined as:
a) understanding the strata movement mechanisms and characteristics of the
multi-seam subsidence profile; and
b) characterisation and prediction of the multi-seam subsidence.
To achieve the main objectives of this thesis, seven chapters − after this
introduction − are outlined in the following format:
Chapter 2 Single-seam mining-induced subsidence. In this chapter, general
aspects of the mining-induced subsidence, subsidence parame-
ters and their definitions together with conventional subsidence
prediction methods are reviewed.
Chapter 3 Multi-seam mining-induced subsidence. In this chapter, the most
important parameters which influence the shape and magnitude
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of the multi-seam subsidence are studied from the available ob-
servational data, articles and reports in the literature. This
review helps understanding the key parameters influencing the
characteristics of the multi-seam subsidence as well as providing
the required information for tailoring the physical and numerical
modelling approaches.
After reviewing the multi-seam observations, suggested modi-
fications of the conventional subsidence prediction methods by
other researchers to account for the specific characteristics of
the multi-seam subsidence are critically reviewed.
Chapter 4 Physical modelling of multi-seam subsidence. In this chapter,
physical modelling techniques are used for evaluating the multi-
seam subsidence characteristics as a result of changing some of
the multi-seam mining variables, which affect the characteristics
of the generated subsidence.
Chapter 5 Numerical modelling of multi-seam subsidence. In this chap-
ter, numerical modelling techniques are employed for simulat-
ing the multi-seam subsidence as a supplement to the physical
modelling techniques and an alternative method to investigate
the strata movement mechanism and subsidence characteristics
due to multi-seam mining. These techniques are also utilised
for evaluating some of the multi-seam subsidence parameters,
which are difficult, costly or impossible to investigate via phys-
ical modelling techniques.
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Chapter 6 Multi-seam subsidence observations and analysis. In this chap-
ter, multi-seam subsidence observations from a case study in
Australia are thoroughly investigated. This case study for its
specific arrangement of the panels in the two coal seams creates
various multi-seam mining scenarios along different survey lines,
which help understanding the characteristics of the multi-seam
subsidence. Also, where appropriate, multi-seam subsidence ob-
servations are compared with the physical and numerical mod-
elling results.
Chapter 7 Characterisation and prediction of multi-seam subsidence. In
this chapter, findings from the previous chapters are utilised for
characterisation of the multi-seam subsidence. This characteri-
sation is then used for modification of a prediction method. Af-
ter this, the proposed method is employed to predict the multi-
seam subsidence in an example case study and its prediction
results are discussed and compared with a few other conven-
tional subsidence prediction methods.
Chapter 8 Conclusions. In this chapter, main conclusions of this thesis
and its contribution to improving the knowledge and reliability
of prediction of the multi-seam subsidence are summarised. In
addition, key points for future investigations of the characteris-
tics and prediction of the multi-seam subsidence are outlined.
Based on the main body of this thesis (Chapters 4 to 7), a total num-
ber of eight articles have been either published or submitted to international
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journals, local and international conferences. These articles include five pub-
lished and three under review works as follow:
• Ghabraie, B. and Ren, G. (2013). “Discussion on mining subsidence
factors for multiple seam longwall mining.” In: The 6th International
Symposium on Green Mining. Ren, T. and Jialin, X. University of
Wollongong, NSW, Australia. 24-26 November, 96-100.
• Ghabraie, B. and Ren, G. (2014). “Investigating characteristics of
strata movement due to multiple-seam mining using a sand-plater phys-
ical Model.” In: 9th Triennial Conference Proceedings - Mine Subsi-
dence: Risk Management In Action. D. Kay and G. Li. Sebel Kirkton
Park, Pokolbin, NSW, Australia, Mine Subsidence Technological Soci-
ety. 11-13 May, 1: 169-174.
• Ghabraie, B., Ren, G., Zhang, X. and Smith, J.V. (2015). “Physical
modelling of subsidence from sequential extraction of partially overlap-
ping longwall panels and study of substrata movement characteristics.”
International Journal of Coal Geology 140(0): 71-83.
• Ghabraie, B., Ren, G., Smith, J.V. and Holden, L. (2015). “Application
of 3D laser scanner, optical transducers and digital image processing
techniques in physical modelling of mining-related strata movement.”
International Journal of Rock Mechanics and Mining Sciences 80: 219-
230.
• Ghabraie, B. and Ren, G. (2016). “Mechanism and Prediction of
Ground Surface Subsidence Due to Multiple-seam Longwall Mining.”
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In: 35th International Conference on Ground Control in Mining (ICGCM).
Morgantown, WV, USA, 26-28 July: 304-310.
• Ghabraie, B., Ghabraie, K., Ren, G. and Smith, J.V. (2016). “Numeri-
cal modelling of multi-stage caving processes: insights from multi-seam
longwall mining-induced subsidence.” Accepted in: International
Journal for Numerical and Analytical Methods in Geomechanics.
• Ghabraie, B., Ren, G. and Smith, J.V. (2016). “Characterising the
multi-seam subsidence due to varying mining configuration, insights
from physical modelling.” Submitted to: International Journal of
Rock Mechanics and Mining Sciences.
• Ghabraie, B., Ren, G., Barbato, J. and Smith, J.V. (2016). “Discrete
Influence Function Method, a predictive methodology for multi-seam
mining-induced subsidence.” Submitted to: International Journal of
Rock Mechanics and Mining Sciences.
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C H A P T E R 2
Single-seam mining-induced
subsidence
2.1 Introduction
In this chapter, relevant literature to general aspects of the single-seam long-
wall mining-induced subsidence are reviewed. The underlying ground move-
ment mechanism that leads to formation of the ground surface subsidence is
briefly discussed. The most important subsidence parameters, which shape
the subsidence profile, are then reviewed for the single-seam subsidence pro-
files. Later in this chapter, different conventional subsidence prediction meth-
ods available for single-seam subsidence predictions are reviewed.
2.2 General aspects of the mining-induced sub-
sidence
The origin and history of our understanding of the longwall mining-induced
subsidence have been thoroughly discussed by various researchers in different
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countries (Kratzsch, 1983; Whittaker and Reddish, 1989; Peng, 1992; Holla
and Barclay, 2000; Galvin, 2016). In summary, the first investigations about
the mining-induced subsidence (a more general term of subsidence, includ-
ing subsidence due to any type of mining) dates back to almost more than
150 years ago. These investigations and the ones after them have led to
the development of subsidence theories. These theories have been improved
throughout the time by many different researchers based on various observa-
tions of mining-induced subsidence in different countries. In the beginning,
engineers’ understanding of the subsidence was only based on surface obser-
vations. Not being able to observe the strata movement, the early mechanical
models of subsidence mechanism were simple models, mainly based on ob-
served deformations. Later on, by utilizing the underground instrumentation,
physical and numerical modelling and emergence of more accurate explana-
tion of rock mass behaviour, more sophisticated subsidence models were de-
veloped. These models are based on the physical response of the strata to
the longwall mining, the process of caving and rock mass deformation that
lead to formation of ground surface subsidence. A general understanding
of the mechanism of the ground movement, which forms the ground surface
subsidence is presented in the following section.
2.2.1 Caving and strata movement characteristics
Extraction of a section of a coal seam (longwall panel) disturbs the initial in-
situ stresses condition and causes a redistribution of the in-situ stress. This
process results in deformation of the rock mass surrounding the extracted
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section until a new balance in the in-situ stress is achieved (Cui et al., 2013).
This deformation becomes evident on the ground surface as ground surface
subsidence.
In the longwall method, the roof of the panel is left unsupported. The
unsupported immediate roof layers start to deform and eventually fall into
the extracted section. This process is called the caving process. The caving
process continues until the fallen rock fragments fill the void and the rock
layers above the caved zone bend and rest over the rock fragments (Peng,
1992). A strong rock layer can also stop the process of caving by bridging
over the caved layers. From this point to the ground surface rock layers bend
and the strata movement develop to reach the ground surface as subsidence.
The subsidence mechanism is inherently a complex problem (Cui et al.,
2013). Understanding this mechanism entails consideration of geological fea-
tures, such as faults and bedding planes, effects of mining method, size
and geometry of the extracted panel, depth of extraction, presence of un-
derground water and mechanical behaviour of rock mass (Cui et al., 2013;
Whittaker and Reddish, 1989). Simplified conceptualisation of the subsi-
dence mechanism have been developed by different researchers in order to
assist understanding this mechanism (Whittaker and Reddish, 1989; Peng
and Chiang, 1984; Holla and Barclay, 2000; Galvin, 2016). As Galvin 2016
explained, the most comprehensive conceptualisation of the strata response
to longwall mining has been suggested by Mills (2012); Galvin (2016). On
this basis, the strata is divided into six different zones (Figure 2.1) as
Zone 1, zone of chaotic disturbance, which is located immediately above the
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mining horizon and can also be referred to as the caving zone;
Zone 2, zone of large downward movement, which includes extensive frac-
turing with numerous open fractures and can be referred to as the
fractured zone;
Zone 3, zone of vertical opening of bedding planes, which covers the area of
moderate fracturing and bedding separations;
Zone 4, zone of vertical stress relaxation, which comprises consistent magni-
tude of vertical displacement and the strata deforms elastically with
no bedding separations;
Zone 5, zone of no disturbance from sag subsidence, in which no fracturing
occurs. However, shear movements along bedding planes could be
noted in multiple panel extractions; and
Zone 6, zone of compression above chain pillars.
The combined effect of these different zones and the resultant strata de-
formation after extraction of a longwall panel becomes evident on the ground
surface as subsidence. This subsidence is often wider and shallower than the
dimensions of the actual extracted panel and its profile shape can be char-
acterised using different parameters.
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Figure 2.1: Strata zoning due to longwall mining by Mills (2012) (adapted
from Galvin 2016).
2.3 Subsidence profile shape and parameters
Subsidence resulting from longwall extractions commonly forms a trough
shape profile, which is more or less regular (Nicieza et al., 2005). This sub-
sidence profile is often symmetrical to the centre of the panel and has its
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deepest point directly above the middle of the extracted panel in case of a
flat seam and flat to undulating surface topology. The vertical movement
of the strata towards the extracted longwall panel causes the strata to move
inwards, in the direction of the centre of the void (Holla and Barclay, 2000).
The vertical and horizontal movements cause the ground surface to tilt, bend,
elongate (tension) and shorten (compression). Commonly, the area above the
centre of the extracted panel undergoes compression, where concave subsi-
dence curve occurs. The convex part of the subsidence curve, commonly
above the edges and abutments of the panel, undergoes tension. The devel-
opment of compression and tension at the ground surface under the influence
of mining is subjected to a dynamic change as the underground excavation
advances.
2.3.1 Subsidence profile shape
The shape of the mining subsidence trough is influenced by three fundamental
conditions (Whittaker and Reddish, 1989). These conditions are based on
the depth and dimension of the longwall panel and indicate if the maximum
possible subsidence above the extracted panel (Smax) can be developed or
not (Figure 2.2). These conditions are defined by the width to depth ratio
(W/H) of the longwall extraction as follow (Whittaker and Reddish, 1989;
Holla and Barclay, 2000)
• Subcritical extraction is an extraction with a W/H ratio which its
maximum subsidence (S) does not reach the maximum possible subsi-
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Figure 2.2: Subcritical, critical and supercritical width of longwall panel and
their respective subsidence profiles.
dence (Smax);
• Critical extraction has aW/H ratio sufficient to develop a subsidence
profile which reaches the Smax in a point above the extracted panel;
• supercritical extraction results in a flat bottomed subsidence pro-
file that reaches the Smax over a length on the ground surface. Any
W/H ratio bigger than that of critical extraction would result in such
subsidence profile.
The critical width to depth ratio is different in different coalfields and
even mine sites. For instance the critical extraction width to depth ratio was
reported as W/H = 1.4 in the UK (Whittaker and Reddish, 1989), while
this ratio was reported between W/H = 1.4 to 2 for different case studies in
Australia (Holla and Barclay, 2000).
The critical width of the extraction (Wc) in a given case is, in fact, a
function of depth and angle of draw (or influence angle or limit angle) of the
extraction, where the angle of draw (ζ) is the angle between the vertical and
the line connecting the edge of the extraction and the first subsided point
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on the ground surface (Figure 2.3). On this basis the critical width of an
extracted panel can be calculated as (Brady and Brown, 2005)
Wc = 2H tan ζ (2.1)
In other words, if the influence area from the two edges of the extracted panel
intersect on the ground surface, the maximum possible subsidence will be
developed. Smaller width of extraction results in intersection of the influence
areas under the ground surface, i.e. subcritical width (S < Smax), and greater
width results in intersection above the ground surface, i.e. supercritical width
(S = Smax).
2.3.2 Subsidence parameters
Mining-induced subsidence has different parameters that are important in
evaluating the effects of longwall mining on the ground surface. These pa-
rameters are schematically illustrated in Figure 2.3 and can be defined as
follows (Whittaker and Reddish, 1989; Peng, 1992; Holla and Barclay, 2000;
Brady and Brown, 2005).
• Subsidence (s) is the vertical component of the ground surface move-
ment. The maximum subsidence commonly occurs above the centre of
the extracted panel and its magnitude is generally expressed as a por-
tion of the extraction thickness (T ). The magnitude of the maximum
28
possible subsidence can then be calculated as
Smax = SF × T (2.2)
where SF is the subsidence factor. The subsidence factor is a di-
mensionless parameter that depends on the nature of the strata and the
mining method (e.g. caving or back filling). The magnitude of the SF
is reported to be different in various coalfields and countries (Whittaker
and Reddish, 1989; Holla and Barclay, 2000; Peng, 1992).
• Horizontal displacement (V ) is the horizontal component of the
ground surface movement. The direction of the horizontal displacement
is generally towards the centre of the extraction, where zero horizon-
tal displacement is expected. The maximum horizontal displacement
(Vmax) usually occurs around the area above the edge of the extracted
panel.
• Tilt or slope (G) is the slope of the subsidence profile. Tilt can be
calculated as the changes in the subsidence of two adjacent surface
points divided by the distance between the two points (or the first
derivative of the subsidence). The location of the maximum tilt (Gmax)
is at the inflection point, where subsidence is approximately equal to
half of the maximum subsidence (s = 0.5S). This point is usually
located around the area above the edge of the extracted panel.
• Horizontal strain (E) is caused by differential movements created
by the horizontal displacement and can generate areas of compres-
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sion or tension on the ground surface. Strain can be calculated as the
first derivative of the horizontal displacement. The maximum tension
(+Emax) commonly occurs towards the limit of the subsided ground
and maximum compression (−Emax) usually occurs closer to the cen-
tre.
• Curvature (R) is the rate of change in the tilt, the first derivative of
tilt or the second derivative of the subsidence. The curvature is usually
concave above the area close to the centre of the subsided ground and
convex above the outer margin of the subsided ground and above the
goaf edges.
• Angle of draw (ζ), also called as limit angle or influence angle, reflects
the limit of the subsidence. It is defined as the angle between a straight
line connecting the edge of the extraction to the first subsided point on
the ground surface and the vertical line. The angle of draw depends on
the nature of the overburden and, as a result, varies from coalfield to
coalfield in different countries. In addition, this angle depends on the
choice of the minimum acceptable subsidence (the first subsided point)
in different countries. In Australia 20mm has been stated as the limit,
while this magnitude is 2mm in the UK and 10mm in China (Cui et al.,
2013).
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Figure 2.3: Schematic illustration of general subsidence parameters (adapted
from Holla and Barclay 2000).
2.4 Subsidence prediction methods
Prediction of the mining subsidence is significantly related to the gathered
observational data and previous experience from a mine site. During ex-
cavation of a tunnel, engineers’ knowledge of the rock mass characteristics
develops by advancing the tunnel into the rock mass. Similarly, by observing
subsidence characteristics from a mine site (or a similar site) an in-depth un-
derstanding of the subsidence characteristics of the mine site can be achieved.
This understanding can then be utilized and implemented into an accurate
prediction method. With advancing extraction of the longwall panels in a
mine site and monitoring the ground surface subsidence, a reliable subsidence
prediction model for the future longwall developments can be developed.
Formation of the mining subsidence is based on complex interaction of
different rock layers with different rock mass behaviour, strength and defor-
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mation characteristics together with other factors, such as state of the in-situ
stress, dimension of the panel, sequence of extraction, mining method, etc.
This complex response of the strata to longwall extractions has made the
prediction methods to be greatly based on observational data. However,
the rock deformation mechanism in subsidence engineering, to some degree,
can be explained by mathematical equations, based on various simplifying
assumptions.
There are various different classifications of subsidence prediction method-
ologies (Bahuguna et al., 1991; Garc´ıa et al., 1996; Alejano et al., 1999; Cui
et al., 2000, 2013; Howladar and Hasan, 2014). In this study, the subsi-
dence prediction methods are classified based on the approach they use in
the prediction of the subsidence together with the nature and source of their
required input parameters. On this basis, the subsidence prediction method-
ologies can be divided into various categories as:
• Analytical methods, which are based on simplified mechanical behaviour
of the strata and analytical calculation of the subsidence;
• Empirical methods, in which the subsidence is predicted based the data
derived purely from field observations;
• Semi-empirical methods, in which a rational approach is used along
with empirically derived equations, tables or functions to derive the
subsidence parameters;
• Physical and numerical methods, which are based on simulation of the
strata behaviour by means of physical scaled modelling or numerical
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simulation methods and
• Artificial neural networks and fuzzy generic systems.
2.4.1 Analytical methods
These methods are mainly based on various simplifying assumptions. If the
plastic deformation zone is relatively small compared to the size of the panel
and depth of the tabular coal seam, then it can be assumed that the overlying
strata behave elastically (Brady and Brown, 2005). Another approach can
be made by assuming that extracting a thin seam is represented as a crack in
the elastic material. Berry (1960) solved the two dimensional problem under
hydrostatic in-situ stress and found that the resultant values of maximum
subsidence were less than the reported values from UK coalfields. In addi-
tion, Salamon (1991) derived analytical solutions for subsidence as elastic
deformation for a linear laminated elastic model, in which the beddings were
horizontal and possessed no shear resistance and cohesion.
The application of analytical methods is limited in current subsidence
engineering. These limitations are caused by employing various simplifying
assumptions for material behaviour in analytical methods. These limitations
should not be overlooked, however, the analytical methods can be used for
preliminary analysis of the mine subsidence.
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2.4.2 Empirical methods
Empirical methods are the earliest subsidence prediction methods (Kratzsch,
1983). These methods are based on gathered data from previous observations
and experience and involve analysis to derive formulas that can be used for
prediction of the subsidence (Whittaker and Reddish, 1989; Alejano et al.,
1999). As a result of being completely based on observational data, these
methods can only be applied with confidence to the areas with similar strata
and extraction characteristics to where the formulas were derived from. How-
ever, among these methods exist equations which are based on observations
from several coalfields in various countries and are rationalised for general
subsidence predictions (Whittaker and Reddish, 1989). Two examples of
these methods are briefly discussed in the following sections.
UK National Coal Board empirical model (SEH)
UK Subsidence Engineers’ Handbook (SEH) is probably the best known and
widely used empirical method, which has been developed by the UK National
Coal Board (NCB, 1975; Whittaker and Reddish, 1989; Brady and Brown,
2005). SEH was developed based on extensive subsidence observations from
200 mine sites in different coalfields. This method consists of several tables,
charts and graphs, which refer to certain mining conditions and can be used
to estimate the subsidence (Whittaker and Reddish, 1989).
SEH is based on approximation of the maximum values of subsidence
and associated strains, tilt and horizontal displacement. These values can be
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estimated by means of the following equations (Brady and Brown, 2005)
+Emax = 1000×K1 × Smax/H
−Emax = 1000×K2 × Smax/H
Gmax = 1000×K3 × Smax/H
1/Rmin = K4 × Emax/h
where K1, K2, K3 and K4 are constants of proportionality and the value of
Smax can be calculated based on the width to depth ratio.
Once the maximum values are estimated, the method allows drawing the
longitudinal and transverse profiles of subsidence, tilt, strain and horizontal
displacement by means of provided data and charts (Whittaker and Reddish,
1989).
As mentioned by several researchers, the SEH method has shown its abil-
ity in subsidence prediction in many cases within the UK (Whittaker and
Reddish, 1989; Brady and Brown, 2005). However, its application to other
coalfields in other parts of the world met variable success (Galvin, 1988; Ale-
jano et al., 1999; Brady and Brown, 2005). For example, the SEH application
to Australian and South African coalfields proved unreliable (Galvin, 2016).
The important advantage of the SEH method (NCB, 1975) is its flex-
ibility and convenience for adaption to a great variety of subsidence cases
(Whittaker and Reddish, 1989). In-plan irregularities in the longwall panel
and variations of extraction thickness in the same panel are not considered
in the SEH. However, the method can be adapted to be used with computer
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aid approaches to be able to perform subsidence prediction for such cases.
Although the application of the SEH on other countries was not as suc-
cessful as the UK experience, many of the concepts in the SEH method has
later been used to develop locally empirical methods, such as Holla and Bar-
clay (2000), which is briefly explained in the following section (Brady and
Brown, 2005).
Holla and Barclay (2000)
Holla and Barclay (2000) adapted the methodology used by NCB (1975)
and modified it based on extensive subsidence observations from New South
Wales coalfields in Australia to make it suitable for subsidence predictions
in Australia. While the subsidence calculation process is the same as the
SEH method in their modified method, the maximum values of subsidence
parameters are empirically derived from observational data for critical and
supercritical conditions and flat (or slightly sloped) surface topography as
Smax = 0.65× T (for pillar extraction)
+Emax = 400× (Smax/H)
−Emax = 900× (Smax/H)
Gmax = 3000× (Smax/H)
where T is the extraction thickness and Smax for longwall panels can be
estimated based on the width to depth ratio by means of the provided figures.
Holla and Barclay (2000) reported the reliability of 10% for the subsi-
dence predictions made for Australian case studies. However, this accuracy
36
of the predictions was achieved when applied to the same coalfields, where
the observational data was taken and the empirical equations were derived.
2.4.3 Semi-empirical methods
These methods consider the subsidence, commonly, as a function of distance
of a surface point from an extraction element or the origin of the co-ordinates.
These methods are more flexible to be adapted for new cases than empirical
methods as they are not completely based on observational data. Instead,
they use mathematical expressions of the subsidence based on observational
data, which can be calibrated and then be used for prediction.
Semi-empirical methods can be divided into two groups based on their
approach in calculating the subsidence as a) profile functions, which em-
ploy empirically derived equations, tables or nomograms and b) influence
functions, which employ empirically derived functions or functions based on
mechanical behaviour of rock strata to calculate the subsidence profile (Whit-
taker and Reddish, 1989).
Profile Function Method
Almost all profile functions use empirically derived graphs or functions to cal-
culate the subsidence profile (Whittaker and Reddish, 1989). Galvin (2016)
explains that the profile function methods can predict the ground surface
subsidence (vertical displacement) by means of an equation. Using the pro-
file function method, the tilt profile can be produced by mathematically dif-
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ferentiating the subsidence equation and then differentiating the tilt profile
to calculate the curvature. Strain profile can then be predicted by apply-
ing some calibrated factors, which can be derived from back analysis of the
field observations. Some researchers have also referred to profile functions as
curve fitting methods (Bahuguna et al., 1991; Peng, 1992; Cui et al., 2013),
in which the shape of the subsidence curve is defined by the profile function
(Whittaker and Reddish, 1989)
Profile functions employ mathematical expressions to predict the trough
shape subsidence (Cui et al., 2000). As Brady and Brown (2005) explained,
this expression commonly takes the general form of
s = Smaxf(B, x, c) (2.3)
where B = 1/2Wc is the critical radius of extraction (Wc is defined in Equa-
tion 2.1), x is the horizontal distance of a point from the centre of the co-
ordinates, which is the centre of the subsidence profile, and c is some func-
tion or constant depending on the profile function. Brady and Brown (2005)
noted the hyperbolic tangent function as the function that produces the best
subsidence prediction results. This function can be expressed as follow
s(x) =
1
2
Smax
[
1− tanh(bx
H
)
]
(2.4)
where b is a constant that controls the slope at the inflection point. The value
of b has been reported different in different countries (Brady and Brown,
2005). Other subsidence parameters, such as tilt, curvature, horizontal dis-
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placement and strain, can be calculated by differentiating the subsidence
profile or using empirically derived relationship between a pair of subsidence
parameters (Whittaker and Reddish, 1989).
There are various examples of profile functions available in the litera-
ture. These profile functions have been developed based on subsidence ob-
servations in various countries (Kratzsch, 1983; Bahuguna et al., 1991; Peng,
1992). They have been successfully applied to range of panels with horizon-
tal, moderately dipping, steep and very steep coal seams (Toran˜o et al., 2000;
Dı´ez and A´lvarez, 2000; Asadi et al., 2004). Also, it has been described that
profile functions have wide application in prediction of mining-induced subsi-
dence from new cases, where limited amount of observational data is available
(Whittaker and Reddish, 1989). In these cases, the constants in the profile
functions can be adjusted and calibrated to achieve the best match with the
available observations. The calibrated functions can then be used to predict
the subsidence for that particular mine site. However, the application of
these methods is restricted to regular shape panels (Whittaker and Reddish,
1989; Cui et al., 2000).
Influence Function Method (IFM)
Influence Function Methods (IFM) are based on summation of influence of
infinitesimal extraction elements, which together form the extracted panel,
on various surface points above an extraction (Figure 2.4). In these meth-
ods the elemental influence is calculated based on a mathematical function.
This function is commonly derived empirically from subsidence observations
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Figure 2.4: Principles of influence function methods (adapted from Whittaker
and Reddish 1989).
in different coalfields or theoretically from the mechanical behaviour of the
strata (Whittaker and Reddish, 1989; Ren et al., 1987).
An influence function is usually expressed in the following form (Ren
et al., 1987)
Kz = f(r) or Kz = f(ζ) (2.5)
where Kz is the influence of an extraction element with an area of dA on a
surface point P . This influence can be a function of r, which is the radial or
horizontal distance between the element and the surface point, or ζ, which
is the angle of draw (Figure 2.5). Using the influence function, magnitude
of subsidence on a surface point (dS) as a result of extraction of an element
(dA) within the influence area of the point P can be calculated as
dS = SmaxKzdA (2.6)
where Smax is the maximum possible subsidence as a result of extraction of
dA.
The total subsidence (ST ) due to extraction of an area A can then be
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derived by double integration of this equation over the extracted area as
ST = Smax
∫∫
A
Kz(r)dA (2.7)
P
r R
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Figure 2.5: Elemental subsidence by influence function (adapted from Ren
et al. 1987).
It is also possible to start from a surface point. In this method, the
subsidence magnitude on a surface point can be calculated by summing the
influence of all the elements within the influence zone of the surface point
(Figure 2.6). On this basis, every element within the influence zone of surface
point influences this point differently, depending on its distance from the
surface point. The element directly below the surface point induces the
maximum influence (dA1 in Figure 2.6) and elements outside the influence
zone exhibit zero influence on the surface point (dA3 in Figure 2.6). This
method is commonly referred to as zone area method (Peng, 1992), in which
by dividing the influence area into a number of circular zones an influence
factor can be calculated for each zone depending on their distance from the
surface point.
The Stochastic function as mentioned by Ren et al. (1987) can be used
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Figure 2.6: Zoning of the influence area under a surface point (adapted from
Ren et al. 1987).
in this method. This function can be expressed as follow
Kz =
1
R2
e−pir
2/R2 (2.8)
where r and R are shown in Figure 2.5. By dividing the influence area into
number of circular zones (zone number i), the relative subsidence of each
extraction ring by the Stochastic function can be expressed as
S(i) = ST/Smax =
∫
A
∫
1
R2
e−pir
2/R2rdθdr = e−pi(
ri−1
R
)2 − e−pi( riR )2 (2.9)
where S(i) is the subsidence due to extraction of the ring i on the surface
point P . S(i) can be called as weighting factor of ith ring. By choosing
the number of rings, where more rings result in more accurate subsidence
prediction, the weighting factors for each ring can be calculated (Table 2.1).
Each ring can also be divided into evenly weighted sectors. In this case,
the influence of extraction of each of these elements in the ith ring would
be equal to S(i)/ns where ns is the number of sections. By adding the
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Table 2.1: Weighting factors resulted from Stochastic function as reported
by Whittaker and Reddish (1989) for 10 rings (i = 1 to 10).
S(i) 1 2 3 4 5 6 7 8 9 10 ΣS(i)
IFM 0.032 0.091 0.13 0.155 0.156 0.139 0.113 0.084 0.058 0.037 ΣS(i)
influence of extracted sections within the limit zone of surface point P , which
is governed by the angle of draw, the subsidence of point P can be calculated.
Total subsidence can then be readily calculated by repeating this process for
all of the surface points. Similar to the profile function method, once the
subsidence profile is estimated, other subsidence parameters, such as tilt and
curvature can be calculated from the subsidence profile (Galvin, 2016). The
horizontal displacement and principal strains can also be estimated by means
of the focal point method from the subsidence profile (Ren et al., 1987).
These subsidence parameters can also be calculated based on empirically or
theoretically derived functions (Luo and Qiu, 2012a).
The abovementioned methodology results in prediction of the inflection
point directly above the edge of the extracted panel for supercritical condi-
tions, where the magnitude of S/2 occurs. However, as noted by Whittaker
and Reddish (1989) field observations depicted that this point does not al-
ways occur above the edge of the extracted panel. This issue can be rectified
using a correction factor and panel size adjustment as explained by Ren et al.
(1987); Whittaker and Reddish (1989) and Sheorey et al. (2000).
IFM has a wide application in subsidence prediction due to underground
mining (Ren et al., 1987; Whittaker and Reddish, 1989; Nicieza et al., 2005).
There are also instances of successful application of this method in predicting
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the subsidence due to underground water extraction (Ren et al., 2015). This
wide application is partly due to the IFM’s capability for subsidence predic-
tion due to irregular shape extractions at any dip and partly because of its
ability for subsidence prediction in cases where limited observational data is
available. In the latter cases, the IFM can be calibrated based on a closely
related case. The calibrated subsidence parameters used in the influence
function methodology, such as Smax and angle of draw reflect the influence
of geological conditions in the subsidence profile (Whittaker and Reddish,
1989). In addition, although calibration and calculation of the subsidence by
IFM is a tedious and computationally taxing process, it can be implemented
into computer programs, which are capable of solving complicated panel ge-
ometries and multiple-panel extractions in few seconds (e.g. the proposed
method by Ren et al. 1987 or SDPS by Karmis et al. 1989).
2.4.4 Physical and numerical methods
Physical modelling
Physical modelling is one of the most effective techniques in studying the rock
strata behaviour affected by longwall mining (Whittaker and Reddish, 1989).
It has been used by many researchers to simulate longwall mining-induced
subsidence and other related problems (Whittaker et al., 1985; Wold, 1985;
Huayang et al., 2010; Liu et al., 2011). However, performing physical mod-
elling for prediction of the mining-induced subsidence is a time consuming
and costly process and has met various degrees of success in different ex-
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amples (Whittaker and Reddish, 1989). The function of physical modelling,
on the other hand, as a method to reveal the underlying mechanism of the
ground movements, leading to subsidence, has proved practical (Whittaker
et al., 1985; Wold, 1985; Whittaker and Reddish, 1989; Whittaker et al.,
1990). The advantage of physical modelling is that it allows deformation to
occur by natural mechanisms, which can then be compared to field obser-
vations. Processes, such as crack propagation, caving and substrata move-
ments, which are difficult to represent in theoretical models, can be easily
modelled and investigated by means of physical modelling techniques. The
understanding of the ground movement mechanism provided by the physi-
cal models played a significant role in developing prediction methods for the
mining-induced subsidence at the time that other simulation techniques were
not available.
Numerical modelling
Numerical methods derive the induced displacement and stresses around
underground excavations based on numerical approximation of governing
equations (Alejano et al., 1999). There are various examples of numerical
modelling of ground subsidence and stress distribution around coal longwall
panels available in the literature. Researchers have used different numerical
methods and modelling approaches in order to achieve better precision in the
results. These methods include Boundary Element Method (BEM), Finite
Element Method (FEM) (Deck and Anirudh, 2010; Alehossein and Poulsen,
2010; Pariseau, 2012; Suchowerska et al., 2012; Unlu et al., 2013; Suchow-
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erska et al., 2014a), Discrete/Distinct Element Method (DEM) (Gao et al.,
2014b; Zhang et al., 2015a), Finite Deference Method (FDM) (Alejano et al.,
1999; Xu et al., 2013), Meshfree methods and user defined damage models
(Karekal et al., 2011; Xu et al., 2015).
Numerical modelling techniques have the ability to simulate the strata
movement characteristics and caving process to predict the mining-induced
subsidence. These methods are particularly useful for investigating the ground
movement characteristics in complicated mining situations, which are of-
ten time-consuming, costly or impossible to simulate via physical modelling.
They are also capable of predicting the mining-induced subsidence to a high
accuracy if accurate measurements of strength parameters of the rock mass
and in-situ stress conditions are available. In fact, as Alejano et al. (1999)
stated, these methods can solve the most complicated subsidence problems,
however, they require characterisation of the material behaviour, which can
be a painstaking process. This process can be time consuming and com-
putationally taxing compared to physical modelling of the same problem.
In addition, in most cases, detailed properties of rock mass and accurate
measurement of in-situ stress condition, which necessarily need to be imple-
mented in a comprehensive model, are not commonly available.
Numerical methods can be utilised for subsidence predictions in cases
where limited subsidence observations are available. These methods, simi-
lar to semi-empirical methods, need to be calibrated based on observations
in order to achieve reasonable subsidence prediction results (Galvin, 2016).
However, unlike semi-empirical methods in which a reliable subsidence profile
is achieved by calibrating the subsidence parameters, in numerical methods
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strength parameters and material behaviour characteristics of the simulated
strata need to be calibrated, which indirectly influence the subsidence. Thus,
application of these methods to new case studies should be accepted with
caution.
2.4.5 Artificial neural networks and fuzzy generic systems
The way artificial neural networks (ANN) work is similar to the human brain,
i.e. decision making from the known circumstances based on the observed
behaviour of a phenomenon. ANN systems can be trained based on known
situations and then used for prediction. These methods are particularly
capable of handling complex multi-factor problems (Yang and Xia, 2013) such
as mining-induced subsidence. Prediction of the subsidence by these methods
can be performed without having to know the geological and geomechanical
properties of the overburden, however, field subsidence measurements are
required (Ambrouziuc and Turk, 2003).
There are several examples of the application of ANN, neuro-fuzzy and
fuzzy-generic programming methods in prediction of mining-induced subsi-
dence available in the literature (Ambrouziuc and Turk, 2003; Sou-Sen and
Hsien-Chuang, 2004; Li et al., 2007b; Park et al., 2012; Yang and Xia, 2013).
However, the reliability of these methods require more in-situ confirmation
(Cai et al., 2014).
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2.5 Summary
Trough shape ground surface subsidence profiles are a result of caving pro-
cess and the ground movements induced by extraction of longwall panels
from a mostly flat coal seam. Longwall extractions create various zones in
the overlying strata, which have been schematically illustrated in Figure 2.1.
Characteristics and different parameters associated with the mining-induced
subsidence have been discussed in this chapter. In addition, various common
subsidence prediction methodologies have been briefly explained. The ad-
vantages and disadvantages of the explained prediction methods have been
discussed.
One advantage of the empirical methods in comparison with theoreti-
cal methods (including analyitical, semi-empirical and numerical methods),
which are developed based on model propositions and mathematical assump-
tions to various extend in different methods, is that the empirical methods
are based on actual measured subsidence values. In addition, these methods
are generally easier to employ in comparison with other methods (Kratzsch,
1983). However, application of these methods is only restricted to the coal-
field from which these methods have been derived. This shortcoming has been
overcome by the influence function methods, where through carrying out a
calibration process, effects of geological conditions and site specific parame-
ters on the subsidence can be indirectly comprised in an influence function.
Similarly, profile functions can be easily calibrated with field observations
(Whittaker and Reddish, 1989).
The profile function method is generally easier to calibrate and employ
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for subsidence prediction than the influence function method. However, the
influence functions can be coded into a computer program that can solve
complicated subsidence problems relatively fast. The influence function ex-
hibits a significant flexibility to be adapted for subsidence predictions in any
coalfield around the world for its ability to reflect the geological conditions of
the overburden strata through calibrated subsidence parameters (Whittaker
and Reddish, 1989). Also, the influence function method, unlike profile func-
tion method, has the ability to predict the subsidence due to irregular shape
extractions.
Physical and numerical modelling techniques can be effective methods
in investigating the strata movement characteristics, caving process and, to
some extent, for prediction of the subsidence. However, the accuracy of the
subsidence predictions achieved by these methods depends heavily on the
availability of input data for the overburden conditions, strength parameters
of the strata and in-situ stress conditions.
Finally, although ANN methods have shown some degree of success in
subsidence predictions, the validity of these methods depends significantly
on the input information based on the observed subsidence. Achieving liable
subsidence predictions by means of ANN methods are yet to be accepted
with confidence. These methods require more in-situ confirmation of the
subsidence predictions.
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C H A P T E R 3
Multi-seam mining-induced
subsidence
3.1 Introduction
The multi-seam subsidence profile has been reported to be different from
that of the single-seam subsidence in various locations in Australia and other
countries (Li et al., 2007a; Luo and Qiu, 2012a; Preusse et al., 2012). These
differences are mostly observed in the shape of the incremental multi-seam
subsidence, subsidence factor, angle of draw and the location of the maximum
subsidence.
In this chapter, a summary of some of the observations and findings about
the characteristics of the multi-seam subsidence from multi-seam mining
cases are gathered. These cases are mostly from Australian coalfields and
a few from other countries. These observations are gathered from reports,
articles and research papers published in the literature. The focus of this
chapter is mostly on the differences between the subsidence parameters of
single and multi-seam cases, such as subsidence factor, location of the max-
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imum incremental subsidence, angle of draw and shape of the subsidence
profile, mainly for longwall extractions from under previously existing long-
walls at an upper level. Also, different multi-seam mining configurations
are defined and the effects of variations in the mining configuration on the
subsidence profile as reported by various researchers are discussed. In the
end, various available subsidence prediction methods, which are capable of
predicting multi-seam subsidence are briefly reviewed.
3.2 Multi-seam subsidence observations
3.2.1 Subsidence factor and the maximum subsidence
It is mentioned in the literature that the subsidence from multi-seam cases
are often observed to be greater than single seam ones (Li et al., 2010; Kapp,
1982; Holla and Thompson, 1992; MSEC, 2012d). In Wyee Colliery (Holla
and Thompson, 1988) and Balgownie Seam longwall extractions (Kapp, 1982;
Mills, 2013) from under old bord and pillar extractions resulted in subsidence
observations greater than the extracted seam thickness. Also, in South Bulli
Colliery (Holla and Barclay, 2000) the observed incremental subsidence was
almost equal to the extraction thickness (subsidence factor of 95%). However,
it was mentioned that in these cases, this extreme incremental multi-seam
subsidence magnitude is most likely due to pillar failure at the upper old
workings, which happen as a result of lower panel extraction (Holla and
Barclay, 2000).
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The enhanced multi-seam subsidence cases were also observed in cases
where two longwall panels at both levels were extracted. Suchowerska (2014)
described that the multi-seam mining in New South Wales coalfields, Aus-
tralia resulted in incremental subsidence factor of approximately 90% in ad-
dition to 56-66% subsidence resulted from the initial single seam extraction
at the same coalfields.
MSEC (2012a) noted that based on the data set of Incremental Profile
Method (IPM), a commonly used subsidence prediction method (see Sec-
tion 3.4.2), for multi-seam cases in Australia in 2003, the incremental multi-
seam subsidence on average was observed to be 10% higher than the predicted
subsidence for single seam cases by the IPM.
Holla and Thompson (1992) reported the observed data from extraction
of Lonwall 6 in Great Northern Seam and longwall 8 in Fassifern seam from
under the previously extracted longwall 6 (Newstan Colliery). A maximum
subsidence factor of 60% for the longwall 6 and 100% for the longwall 8
was observed (Figure 3.1). Holla and Thompson (1992) concluded that thin
interburden of 15m was less than the caving height of lower longwall that
caused the enhanced subsidence factor. Also, they described that the ob-
served enhanced maximum subsidence was due to reduced effectiveness of
the overburden strata after the first mining activity.
In the Ashton Coal Project (MSEC, 2012d), longwalls at Upper Liddell
Seam were mined under the Pikes Gully Seam. The observed subsidence
factors for the upper layer longwalls were between 53-54 %. However, the
lower panel extraction resulted in much higher incremental subsidence factor
of around 90 %.
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Figure 3.1: (a) Multi-seam layout and survey grid at of LW6 and LW8 at
Newstan Colliert and (b) subsidence observation (adapted from Li et al. 2010;
MSEC 2012d).
In North Wambo mine (MSEC, 2012c; DgS, 2012), mining of Wambo
Seam from under previously mined longwall panels in Whybrow Seam caused
maximum multi-seam incremental subsidence factor of 58-99 % (average
86 %). The observed subsidence was lower in areas of undermining chain
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pillars at the upper seam at average of 66 %, whereas areas of single seam
extraction of Wambo seam resulted in average maximum subsidence factor
of 52 % (between 50 % and 59 %).
Mills (2013) reported the subsidence observations for Wongawilli Seam
longwalls, which are partially under Balgownie longwalls and Bulli Seam’s
room and pillar extractions (or partially under one of them). Mills (2013)
described that the single seam subsidence above a longwall panel at depth
of 300 to 360 m with width of 150m has been observed to be 0.1-0.3 m. For
the same area, the multi-seam extraction resulted in 1.3 m subsidence.
MSEC (2012d) reported a case in which Longwall 3 in the Middle Liddell
Seam was extracted from under the Upper Liddell Seam Longwall 1 in the
Liddell Colliery (Figure 3.2). The centre line of the Longwall 3 with width
of 181 m was perpendicular to that of Longwall 1 with width of 180 m.
Upper Liddell Seam was at depth of 167 m and 43 m below that was the
Middle Liddell Seam (interburden thickness). The upper panel’s maximum
subsidence was approximately 60 % of its thickness whereas the lower panel
resulted in incremental subsidence factor of 96 %.
Li et al. (2007a, 2010) summarised a number of multi-seam subsidence
cases in Australia, South Africa and the UK. It can be seen from Table 3.11
that in all the reported cases, enhanced maximum subsidence profiles due to
multi-seam extractions were observed.
1Please note that the report by MSEC (2012d) about the Liddell Colliery takes into
account different seam thickness in comparison with what Li et al. (2010) have considered
in their table.
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Figure 3.2: (a) layout and survey grid at Liddell Colliery and (b) subsidence
observation (adapted from Li et al. 2010).
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Table 3.1: Summary of observations from various case studies reported by Li et al. (2007a).
Location Upper/lower
seam
panel
Mining
Sequence
T
(m)
W
(m)
H
(m)
W/H
IB
(m)
S
(%)
SF1
(%)
SF2
(%)
SFT
(%)
Sigma Colliery,
South Africa1
No. 3 LW4 1st 2.75 211 133 1.59 13 1.1 40 - -
No. 2B LW4A 2nd 3.04 187 148 1.26 - 2.92 - 96 -
- - - - - - - - - - - 69
Newstan Colliery,
NSW, Australia2
Great
Northern
LW6 1st 3.4 1.55 60 2.58 15 2.03 60 - -
Fassifern LW8 2nd 3.2 210 75 2.8 3.03 - 95 -
- - - - - - - - - - - 77
Liddell Colliery,
NSW, Australia3
Upper
Liddell
LW1 1st 2.4 180 160 1.13 40 1.55 65 - -
Middle
Liddell
LW3 2nd 2 180 200 0.9 - 2.1 - 105 -
- - - - - - - - - - - 83
NCB (1975), UK4
- - - - - - - - - 80 - -
- - - - - - - - - - 90 -
- - - - - - - - - - - 85
Overburden conditions:
1 Dominant sandstone strata and a strong dolerite sill with UCS from 130 MPa to 230 MPa.
2 Highly complicated conditions, due to massive Teralba Conglomerate and weak claystone strata in Awaba Tuff.
3 Relatively consistent fine to medium grained sediments typical of the area, with no significant complexities.
4 Mainly weak, argillaceous strata in the overburden.
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One important observation that Li et al. (2010) made from the data
presented in Table 3.1 is that the variation in total multi-seam maximum
subsidence (69 % to 85 %), i.e. the subsidence due to the workings in both
seams, is less than the variations in single seam subsidence (40 % to 80 %)
in various mine sites. On this basis, they concluded that the multi-seam
maximum subsidence magnitude is less dependent on the strata strength
characteristics than the single seam subsidence (Li et al., 2010). In other
words, the overburden strata become soften and less significant after the
first mining activity and the multi-seam subsidence is more dependent on
the interburden characteristics and the mining configuration. It was also
mentioned by (Mills, 2013) that because of the repeated mining, the shear
stiffness of the overburden is significantly decreased. This decrease causes
reduction in the bridging capacity of the strata and thus leads to enhanced
subsidence factor over the multi-seam extraction. Li et al. (2010) referred
to this concept as overburden modification that needs to be considered in
evaluating the effects and prediction of multi-seam subsidence.
3.2.2 Location of the maximum incremental multi-seam
subsidence
The location of the maximum incremental multi-seam subsidence has been
reported to be different from that of single seam mining. It has been reported
that according to field observations the total maximum subsidence, incremen-
tal multi-seam maximum subsidence and single seam maximum subsidence
could occur at different locations (MSEC, 2012d). MSEC (2012d) mentioned
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that the location of the maximum incremental multi-seam subsidence is com-
monly near the edges of the upper panel, where low magnitude of subsidence
after the upper single seam extraction was observed. Li et al. (2010) also
published a number of observed multi-seam subsidence profiles, in which it
can be clearly seen that the maximum incremental multi-seam subsidence
occurs close to an area above the edges of the upper panel, rather than the
middle of the extracted lower panel (see e.g. Figures 3.2 and 3.3)
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Figure 3.3: (a) layout and survey grid at North Wambo Mine and (b) subsi-
dence observation (adapted from Li et al. 2010).
In addition, it can be seen from Figure 3.1 that the maximum incremental
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subsidence due to LW8 in Fassifern seam occurred not above the middle of
the overlapping zone but close to the edge of the upper panel. In this figure
the location of the single seam maximum subsidence is different from the
incremental multi-seam subsidence and the total maximum subsidence.
The difference between the location of the total maximum subsidence
and the maximum incremental multi-seam subsidence can also be seen in
the subsidence due to LW102 in the Upper Liddell Seam at the Ashton Coal
Project (Figure 3.4). It can be seen that the maximum incremental multi-
seam subsidence occurs above an area close to the edge of the upper panels,
where the upper panel edge is completely undermined. This minimum point
in the incremental subsidence profile does not happen above the right edge of
the lower panels, where only small area close to the edge of the upper panel
is undermined.
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Figure 3.4: Subsidence observations from LW102 in the Upper Liddell Seam
at Ashton Coal Project (adapted from Ashton Coal 2014).
Based on these observations, it can be concluded that occurrence of the
maximum incremental multi-seam subsidence above the area close to the
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edge of the upper panels could be related to collapse of small narrow pillars
or closure of voids, which are the result of partially bridging of the roof layers
in the close proximity of the chain pillars (MSEC, 2012d). In cases where the
area close to the edge of the upper panel is completely undermined, multi-
seam interactions re-activate the goaf of the upper panel and causes closure
of these voids. This process eventually leads to occurrence of the incremental
multi-seam maximum subsidence above this area. Whereas in cases where
the lower panel covers only a small width under the edge of the upper panel
(or in presence of thick interburden), the goaf of the upper panel does not
significantly get affected by the lower extraction and extra subsidence does
not occur.
3.2.3 Angle of draw and the subsidence profile
Angle of draw is generally used to defined the extent of influence of mining
subsidence at surface level. This is an important subsidence parameter in any
subsidence prediction method. MSEC (2012a) reported that based on the
collected data for multi-seam cases in Australia, the multi-seam subsidence
profiles are generally wider than single seam subsidence profiles (Figure 3.5).
Other similar observations can also be found in (Mills, 2013), where it was
reported that the areas of Wongawilli Seam longwall extraction located below
previously extracted Balgownie (longwall) and Bulli Seams (bord and pillar)
resulted in smoother subsidence profiles and goaf edge subsidence. On the
other hand, these observations depicted that in locations where the edges
of the two panels at the two mining seams are on top of each other the
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subsidence profile was observed to be steeper. It was also reported that
above the areas where the longwall panel was only extracted at the lowest
level the subsidence beyond the goaf edge was similar to that of single-seam
extraction. This report concluded that in cases where the lower panel was
mined completely under the existing upper extractions (longwalls and/or
bord and pillar workings) the extent of subsidence was mostly limited to the
previously subsided ground surface resulted from previous mining activities.
In addition, MSEC (2012c) emphasised on the importance of the relative
location of the longwalls at upper and lower seams. It was observed that in
fully overlapping multi-seam panels, the observed profile was steep and more
localised above the extracted longwalls. On the other hand, in partially
overlapping panels, the profile of the multi-seam subsidence was flatter and
extended further in comparison with single seam conditions. It can also be
seen from Figure 3.3 that the profile of the multi-seam subsidence is smoother
at the area where the lower panel’s edge is located under the extracted upper
panel, compared with the other side.
These observations highlight the importance of the relative location of
the longwall panels at different layers and its effects on the shape of the sub-
sidence profile. Depending on the arrangement of the panels and positioning
of the edges of the workings at different levels subsidence profile can be steep
and concentrated or smooth and wide above the edges of the lower longwall
panel.
61
WyeeLW 10
Wyee
LW 10
WyeeLW4
Wyee
LW4
Wyee
LW5
WyeeLW1
Wyee
LW1
Wyee
LW2 Wyee
LW2
Wyee
LW3
Wyee
LW3
Wyee-MLW1Wyee-MLW4
Wyee-MLW 10
Su
bsi
den
ce 
fac
tor
Previous panel Incremental panel
Newcastle Coalfield'Second or Third' Panel
Newcastle Coalfield'Fourth On' Panel
Observed multi-seam profile
Distance from advancing goaf edge divided by width
2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6 0.4 0.2 0.0 -0.2 -0.4
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
Figure 3.5: Comparison between single and multi-seam incremental subsi-
dence profiles (adapted from MSEC 2012a).
3.2.4 Effects of interburden thickness
Various researchers have mentioned the importance of interburden thickness
on formation of an enhanced subsidence after multi-seam extractions. MSEC
(2012d) mentioned that the thinner the interburden thickness is, the more
significant the interaction between the longwall panels at the different lev-
els would be. Holla and Thompson (1992) noted that observing maximum
subsidence equal to the thickness of the lower panel extraction in Newstan
Colliery could be because of exceeding the caving height of the lower ex-
traction into the upper seam and previously existing caved zone above the
extracted upper panel.
MSEC (2012a) reported that presence of thin interburden was the reason
for observing great incremental subsidence factor for the lower extraction
in different cases. Two extreme cases were mentioned as Newstan Colliery,
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which had 15m interburden, and interaction of Bulli room and pillar (upper)
and Balgownie longwalls (lower), where the interburden thickness was as
small as 10m. In both cases the observed incremental multi-seam maximum
subsidence was equal or greater than the extracted seam thickness.
MSEC (2012d) highlighted the importance of considering lower panel
width with respect to the interburden thickness, a similar concept to the
width to depth ratio. In this regard, if the lower panel’s width is bigger than
the interburden thickness the multi-seam extraction would imply great in-
fluence on the previously mined area. This influence can cause re-activation
of the previously existing goaf or disturbed overburden layers, thus, creating
enhanced strata movement and/or collapse of remaining pillars in an up-
per layer panel. This process can eventually lead to formation of enhanced
magnitude of incremental multi-seam subsidence.
3.3 Multi-seam mining configuration
A multi-seam mining configuration can be defined based on the relative lo-
cation of the edges of the panels in the two seams and the width of superpo-
sitioning of the panels. On this basis, the edges of the panels can be
• Stacked, where the edges of the panels are vertically aligned;
• Staggered, where the edge of the panel in the lower seam (lower panel)
is located under the extracted panel in the upper seam (upper panel)
or under the chain pillars between two upper panels or
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• Extended, where the lower panel edge is extended beyond the edge of
an isolated upper panel or the last upper panel in a series of longwalls
(Figure 3.6).
By considering the width of the superpositioning together with the vari-
ations in the location of the edges of the two panels, different mining config-
urations can be defined as
a) Stacked configuration, where both edges of the two panels are vertically
aligned (Figure 3.6a);
b) Staggered configuration, where one edge of the lower panel is staggered
and the other one is either staggered or extended (Figure 3.6b). In this
configuration, the lower panel partially overlaps the width of the upper
panel;
c) Offset configuration, where the width of the lower panel is smaller than
the upper panel. This configuration results in two variations as
• the lower panel edges are both staggered and located within the area
under the extracted width of the upper panel (Figure 3.6c) and
• the lower panel edges are stacked at one edge and staggered under
the upper panel at the other edge (Figure 3.6d) and
d) Fully undermined panel, where the lower panel is extracted under the
complete width of an upper panel. This configuration also results in two
possible variations as
• fully undermined panel with one stacked and one staggered or ex-
tended edge (Figure 3.6e) and
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Figure 3.6: Various multi-seam mining configurations.
• fully undermined panel with both edges staggered or extended (Fig-
ure 3.6f).
It is notable that Figure 3.6 only illsutrates the defined configurations
for isolated panels. If a series of longwall panels are mined in two seams,
the staggered and extended edges can be used to refer to edges of the lower
panels under chain pillars or beyond the edge of the last upper panel as
defined earlier in this section. In addition, if the lower panel undermines
more than one panel, the defined terminology for edges can be used to refer
to the various areas of the lower panel.
In the next sections, these terminologies are used in order to refer to
different multi-seam configurations and edges around the panels in different
seams.
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3.4 Multi-seam subsidence prediction methods
3.4.1 Empirical methods
Li et al. (2010), based on a number of case studies mainly from Australia,
have suggested consideration of the maximum total subsidence factor of
SFT = 80% for multi-seam mining in two seams. They suggested that the
overburden conditions for the prediction of multi-seam subsidence have less
importance after extraction of the upper seam. This modification can be
expressed as the difference between the subsidence factors due to the single
and multi-seam subsidence as SFT − SF1, where SF1 is the subsidence fac-
tor for the first mining activity. On this basis, the multi-seam incremental
subsidence factor (SF2) can be calculated as follow
SF2 = (SFT − SF1)(T1/T2) + SFT (3.1)
where T1 and T2 are the extraction thicknesses for the single and multi-seam
extractions respectively. The multi-seam subsidence factor can then be used
in other prediction methods in order to predict the multi-seam subsidence.
3.4.2 Incremental Profile Method (IPM)
Incremental Profile Method (IPM) is a form of profile function method de-
veloped by Waddington and Kay (1995, 1998) based on extensive subsidence
observations in different coalfields in Australia. It was initially developed
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for prediction of single-seam subsidence profiles. The IPM is based on reg-
ular similarities observed between the incremental subsidence over multiple-
panel extractions. This incremental subsidence profile can be derived by
subtracting the subsidence after extraction of a longwall panel from before
its extraction in a series of multiple longwall panels on each survey point. It
was found that the shape of the incremental subsidence profiles had regular
similarities and that these profiles can be divided into three main categories
(Waddington and Kay, 1995) as follow
1) Profiles over the first panel of a series, which were symmetrical about the
centre of the panel;
2) Profiles over the second panel of a series, which were almost symmetrical
but with more subsidence observed towards the previously extracted panel
rather than the to-be-extracted third panel and
3) Profiles over the third and subsequent panels of a series, which were less
symmetrical and also showed more subsidence over the previously ex-
tracted panels in comparison with upper layers of the solid unmined areas
(Figure 3.7).
On this basis, series of graphs were produced to derive the incremen-
tal subsidence parameters of each panel based on variations in the seam
thickness, depth of cover, panel width and pillar width. In the end, these
incremental profiles were added together in order to predict the final subsi-
dence profile (Waddington and Kay, 1995). Subsidence profile shapes can be
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Figure 3.7: Three main categories of IPM (adapted from MSEC 2007).
expressed mathematically as (MSEC, 2007)
y =
a+ cx+ ex2 + gx3 + ix4 + kx5
1 + bx+ dx2 + fx3 + hx4 + jx5
(3.2)
where a to k are constants that govern the shape of the subsidence profile.
These constants are different for the three categories of subsidence profiles
and can be different for the two halves of the profile. The IPM database con-
sist of 693 different half-profile shapes for single-seam mining cases (MSEC,
2007).
The IPM also allows for prediction of multi-seam subsidence. Its database
consists of 236 half profiles of multi-seam subsidence (MSEC 2007, see Fig-
ure 3.5) from mainly the following case studies (MSEC, 2012a):
• Newstan Colliery Longwall 8 (longwall below longwall)
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• Newstan Colliery Longwalls 1, 2, 3 and 4 (longwall below pillar work-
ings)
• Wyee Colliery Longwalls 1, 2, 3, 4, 7 and 9 (longwall below pillar
workings)
• John Darling Colliery Longwall 1 (longwall below pillar workings)
• Teralba Colliery Longwalls 6, 7, 8 and 9 (longwall below pillar workings)
• Kemira Colliery Longwalls 1 to 6 (longwall below pillar workings)
Based on this database, multiplying factors are derived to apply to the pre-
dicted single-seam maximum incremental subsidence in order to predict the
multi-seam subsidence profiles (Waddington Kay & Associates , 2003; MSEC,
2007). A summary of these factors can be found in Waddington Kay & As-
sociates (2003); MSEC (2007) for different interburden thicknesses.
The IPM methodology for prediction of multi-seam subsidence is based
on two worst case scenarios of staggered and stacked configurations. Usually,
in practice, to address any concerns relating to the uncertainty of multi-
seam mining, both scenarios are utilised in order to predict the multi-seam
subsidence as part of the applications to government for mining approval.
Available prediction results for multi-seam subsidence predictions in Aus-
tralia show that although the IPM for multi-seam subsidence prediction is
based on a conservative approach (MSEC, 2007), the predicted multi-seam
subsidence profiles by IPM show under or overprediction when compared
with field observations (see e.g. MSEC 2014, 2015).
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3.4.3 Methods based on influence function
Sheorey et al. (2000)
Sheorey et al. (2000) modified the influence function method based on the
observations in the Indian coalfields. They used an influence function as
follow:
Kz =
0.5352
R2
(
1 + cos
pi.r
R
)
(3.3)
where Kz, r and R are the same as in Equation 2.8. Sheorey et al. (2000)
noted that there is a need for panel edge adjustment as the observed subsi-
dence and predicted subsidence by IFM over the edge of the extracted panels
are different. In addition, they noted that the location of the maximum sub-
sidence always occurs closer to the start of the panel in the Indian Coalfields,
which creates asymmetric subsidence trough. On this basis, they suggested
consideration of two correction factors as Wz for panel edge adjustment and
Qz for asymmetric shape of the subsidence trough as:
Wz = 0.5 tanh
(
5db
1.5NEW ×H − 2.4
)
+ 0.5 (3.4)
and
Qz = 0.9− 0.1 tanh
[
0.5(d− 0.4demax)
]
(3.5)
where NEW is the non-effective width-to-depth ratio, which has been mea-
sured for different Indian coalfields (Sheorey et al., 2000) and can be used
to estimate the critical width of the extractions, db is the distance from an
extraction element to the nearest edge of the extracted panel, d is the dis-
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tance from an extraction element to the start line of the panel and dmax is
the distance between the start and end line of the extraction. The subsidence
profile can then be calculated by integrating the following equation over the
extraction area
ds′ = QzWzds (3.6)
where ds is the elemental subsidence at a surface point calculated by the
conventional IFM and ds′ is the elemental subsidence at the surface point by
the modified method.
Sheorey et al. (2000) suggested some changes to the explained influence
function in order to account for the effect of multi-seam extractions. Based
on trial and errors for the Indian coalfields, they reported that reduction of
the original value of NEW by 40% and increase in the subsidence factor by
17% would result in reasonable multi-seam subsidence predictions. In their
methodology, these changes should only be applied to the overlapping parts
of the panels in the two mining seams and the overburden layers but not the
interburden thickness. This is because, the interburden layers remains intact
after the first mining activity and should be assigned the original values of
NEW and subsidence factor. This modification can be done by taking a
weighted average of NEW and subsidence factor values as:
NEW ′ =
0.6NEW (H − TIB) +NEW × TIB
H
(3.7)
and
SF ′ =
1.17SF (H − TIB) + SF × TIB
H
(3.8)
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where NEW ′ and SF ′ are the modified values of NEW and SF for overlap-
ping elements of the multi-seam panels and TIB is the interburden thickness.
Sheorey et al. (2000) applied their modified method for prediction of multi-
seam subsidence in a few cases in India and reported improved correlation
between the predicted and observed subsidence profiles.
Generalised Influence Function Method (GIFM)
Ren et al. (2010a) suggested inputting tabular weighting factors into the IFM
instead of calculating the factors based on the mathematical expression of the
influence function. They called this new method the Generalised Influence
Function Method (GIFM). The tabulated data can be modified case to case
and by trialling different weighting factors to reach the best agreement with
the observed subsidence. There is only one condition for the tabulated data
as the sum of the weighting factors for all the rings should equal unity:
n∑
i=1
S(i) = 1 (3.9)
where S(i) is the weighting factor of ith ring and n is the total number of
rings. In this case only, it is guaranteed that the maximum subsidence after
extracting an area would be reached.
The GIFM for its ability to adapt to different shapes of subsidence curves
has more flexibility than the conventional IFM. Mathematical definition of
the influence function can be used to calculate the initial weighting factors
and then by manually changing the weighting factors the best agreement can
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Table 3.2: Weighting factors resulted from using GIFM as reported by Ren
et al. (2014) for 10 rings (i = 1 to 10).
S(i) 1 2 3 4 5 6 7 8 9 10 ΣS(i)
GIFM 0.034 0.091 0.132 0.156 0.164 0.158 0.115 0.095 0.045 0.01 ΣS(i)
be reached, e.g. giving more weight to the centre zones to achieve deeper
subsidence directly above the extracted parts. Ren et al. (2014) used this
method to calculate the multi-seam subsidence in a case in Australia and
reported improved correlation between the observations and the predicted
results. The weighting factors that they used are noted in Table 3.2.
Comprehensive and Integrated Subsidence Prediction Model for Multi-
ple Seam Mining (CISPM-MS)
Luo and Qiu (2012b) developed an influence function that allows dividing
the overburden into finite number of layers with equal thickness. In this
method, the subsidence at one layer in the overburden layers causes the
subsidence of the immediate layer above it, until this movement reaches the
ground surface. The subsidence at each level can then be calculated by
integrating the influence function defined for the proper horizontal interval.
The influence function to calculate the subsidence at a point on the surface
of the ith layer (i = 1 is the immediate roof layer and i = n is the ground
surface) can be defined by
fs(x
′, zi) =
S(x+ x′, zi−1).ai
Ri
e
−pi( x′
Ri
)2
(3.10)
where i = 1, 2, ..., n, x is the distance from a point to the left edge of the
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panel and zi is the vertical distance from the coal seam and the top surface of
the ith layer. Thus, to find the final subsidence at a point (on ground surface
or underground) the respective influence function can be integrated within
the suitable computing area as follow
S(x, zi) =
ai
Ri
∫ Wi−di2−x
di1−x
S(x+ x′, zi−1).e
−pi( x′
Ri
)2
dx′ (3.11)
where i = 1, 2, ..., n and ai, Ri, di1 and di2 are the i
th layer’s final subsidence
parameters as respectively subsidence factor, radius of subsidence influence
and the offset distance of the inflection points on the left and right sides of
the extracted panel (Luo and Qiu, 2012a).
Luo and Qiu (2012a) modified this approach for consideration of multi-
seam extractions and introduced a tool for multiple-seam subsidence predic-
tions, called CISPM-MS. This modified method has the ability to account
for presence of pillars in the multi-seam workings. Their work mostly fo-
cuses on the pillar stability at an upper layer, interaction of the multi-seam
workings and subsurface subsidence evaluation. In addition, Luo and Qiu
(2012a) introduced a pillar strength reduction factor that is related to an
undermining activity and then proposed considering a safety factor for sta-
bility of existing pillars in an upper seam. They calibrated the empirical
equations in their methodology by means of the numerical simulation of the
problem with the software FLAC3D. The ability of their proposed method in
studying the multi-seam interactions and evaluating the pillar stability were
demonstrated with a case study in the USA, where an active room and pillar
working was developing its mains above an old lower seam working, in which
74
pillar extraction being carried out over large areas in the lower level.
3.4.4 Methods based on numerical modelling
Integrated Subsidence Prediction Technique (ISP-Tech)
As mentioned in Chapter 2, lack of accurate input information is one of the
disadvantages of the numerical modelling techniques. Unlu et al. (2013) made
an effort to rectify this disadvantage by suggesting a methodology to import
and improve the reliability of the key input parameters required for Finite
Element (FE) modelling of subsidence from different sources of data. They
called this approach Integrated Subsidence Prediction Technique (ISP-Tech).
In this approach, they propose using geographic information system (GIS)
and mining information system (MIS) data, which combine information from
geological cross sections, geological maps, drill hole data, and etc. to derive
the necessary information for mesh building in the numerical model on var-
ious sections of the mine. Phase2, as an FE software, is then utilised to
perform elaso-plastic analysis on the generated mesh. The result from the
FE analysis on each 2D section of the mine are compiled to generate an
initial 3D subsidence map after the mining activity. This initial prediction
is compared with the GPS and/or DIn-SAR subsidence measurements. If
the results are incompatible, the FE mesh, rock mass properties and other
numerical model variables are refined and the analysis is performed again.
Once compatible results are acquired, Unlu et al. (2013) described that the
model can be used for to-be-extracted neighbouring mine sites in order to
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predict the surface subsidence before longwall extractions takes place.
They utilised the ISP-Tech method for prediction of mining-induced sub-
sidence in two neighbouring multi-seam cases in Turkey. They used the sub-
sidence data from a case study, which has been mined, to achieve accurate
predictions of subsidence by means of ISP-Tech and then employed the same
method for prediction of the subsidence for a to-be-extracted neighbouring
multi-seam mine.
Other numerical methods
Although various examples of numerical modelling of stress analysis, caving
process and stability of workings around multi-seam panels are available (e.g.
Zipf 2005; Suchowerska et al. 2013, 2014b), there are only a few examples of
numerical analysis of multi-seam mining-induced subsidence available in the
literature (Suchowerska et al., 2014a, 2015; Khanal et al., 2015; Adhikary
et al., 2015). In these examples, various researchers employed the Finite
Element Modelling (FEM) for multi-seam subsidence analysis, however, dif-
ferent approaches were considered to simulate strata stratification, rock mass
behaviour and caving process around the multi-seam workings. These works
will be thoroughly discussed in Chapter 5.
3.5 Summary
Multi-seam subsidence observations (Section 3.2) illustrate that the single
and multi-seam subsidence profiles have different characteristics. These dif-
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ference can be summarised as follows:
• Increased incremental maximum multi-seam subsidence factor (e.g. Kapp
1982; Holla and Thompson 1992; Li et al. 2007a, 2010; Holla and Bar-
clay 2000; MSEC 2012a,c; DgS 2012; Suchowerska 2014);
• Increased or decreased angle of draw from case to case (e.g. MSEC
2012a; Ghabraie et al. 2015b,a; Mills 2013);
• Change in location of maximum multi-seam incremental subsidence
from case to case (e.g. MSEC 2012d; Li et al. 2010; Ashton Coal 2014;
Ghabraie et al. 2015b);
• Occurrence of localised maxima points in the subsidence profile (e.g.
MSEC 2014, 2015) and
• Change in the shape of the subsidence profile, tilt and curvature (e.g.
MSEC 2012a; Mills 2013; MSEC 2012c).
These differences in multi-seam subsidence profiles make it significantly dif-
ferent from that of single-seam profiles. In addition to the differences of
multi-seam and single-seam subsidence profiles, shape of the multi-seam
subsidence profiles differ notably based on the multi-seam mining configura-
tion. In other words, multi-seam subsidence is a case dependent phenomenon
(Galvin, 2016) and, unlike single-seam subsidence, a single consistent profile
cannot be utilised for various multi-seam cases.
various researchers have suggested different approaches for prediction of
multi-seam subsidence based on different methods. Most of these approaches,
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except numerical based methods, are based on generalised concept of the sub-
sidence characteristics and prediction of smooth trough shaped subsidence
profiles. The generalisation of the subsidence profile does not allow for predic-
tion of irregular subsidence profiles, changes in the angle of draw and location
of the maximum subsidence, which commonly occur above the multi-seam
panel extractions.
Among these methods, only the method developed by Sheorey et al.
(2000) allow for consideration of asymmetric subsidence profiles (by altering
the location of predicted maximum subsidence) and separating the effect of
multi-seam extraction areas from single-seam areas. However, their method
is based on subsidence observations in Indian Coalfields, which cannot be
directly applied to other countries or coalfields. Also, this method does not
allow for prediction of local irregularities of the multi-seam subsidence profiles
and change in the location of maximum incremental multi-seam subsidence,
which are often observed in the multi-seam cases.
Similarly, the adapted subsidence profiles in the IPM for the two worst
case scenarios of stacked and staggered cases are generalised and are not able
to consider irregular subsidence profiles and different angles of draw from case
to case. GIFM and CISPM-MS methodologies suffer from similar deficien-
cies for prediction of multi-seam subsidence and are not able to account for
changing location of maximum subsidence, different angles of draw, effect of
changing multi-seam mining configurations and irregular subsidence profiles.
Numerical methods, on the other hand, depend significantly on the ac-
curacy of input data for prediction of multi-seam subsidence. ISP-Tech, for
example, requires a significant amount of information in order to generate a
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suitable FE mesh and refine it based on trial and error to achieve reliable
subsidence predictions. Acquiring this information is costly and commonly
not available for lots of mine sites. In addition, these methods are mostly
based on simplified assumptions of strata behaviour and loading/unloading
of the rock masses. These deficiencies impose restrictions for application
of these methods with high level of confidence in order to achieve reliable
multi-seam subsidence predictions.
3.6 Conclusions
The reviewed information about the observed differences between the single
and multi-seam subsidence profiles as well as the basics of the currently
available multi-seam subsidence prediction methodologies, indicate that there
is a need to understand the ground movement mechanisms for multi-seam
mining, therby to develop a reliable prediction method for all multi-seam
mining cases. In this regard, Suchowerska (2014) noted that the effects of
multi-seam mining on the ground surface subsidence have yet to be studied
sufficiently. Understanding the multi-seam subsidence characterisitcs and its
effects on the ground surface are deemed necessary for achieving a reliable
multi-seam subsidence prediction method. In fact, as Whittaker and Reddish
(1989) stated, understanding the ground movement characteristics, which
underlies the generation of subsidence greatly assist achieving a better control
over the effects and consequences of the mining-induced subsidence. This
knowledge will help developing a prediction method, which is capable of
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reliable prediction of multi-seam subsidence profiles.
To achieve this, in the following chapters, characteristics of ground surface
subsidence and strata movement due to multi-seam extractions are investi-
gated by means of physical modelling, numerical modelling and factual data
analysis. The thorough understanding of the multi-seam subsidence charac-
teristics acquired from these investigations is then utilised for modification
of a multi-seam subsidence prediction methodology.
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C H A P T E R 4
Physical modelling of multi-seam
subsidence
4.1 Introduction
Multi-seam subsidence is a case dependent phenomenon and is largely de-
pendent on the multi-seam mining configuration. Monitoring the effects of
changing mining configuration from observational data in various mine sites
is difficult due to specific condition of different multi-seam cases, such as ge-
ological conditions, strata strength parameters, extraction thickness, mining
method, etc.
Physical modelling techniques, as mentioned in Chapter 2, have played a
significant role in understanding the strata movement mechanism and build-
ing the basis for developing subsidence prediction methods. It provides in-
sights into the mechanisms of strata movements above longwall panels. Phys-
ical modelling, at its best, illustrates the physics of the phenomenon, indicates
the main principles that cause the most important observations and has the
ability to predict behaviour under certain conditions, which may have not
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yet been known (Ashby, 1992). These techniques continue to be of great
interest amongst researchers for investigating complicated mining problems.
There are many examples of the successful application of physical modelling
in the investigation of a broad range of mining-related problems (for exam-
ple, Whittaker et al., 1990; Li et al., 2005; Lee and Bassett, 2007; Ren et al.,
2010b; Sun et al., 2011; Weishen et al., 2011). In rock mechanics and mining
science, physical models allow researchers to observe the actual process of
cracking, material failures and development of the ground movement around
a model underground excavation (Whittaker and Reddish, 1989). This ability
places physical modelling techniques ahead of other methods in investigat-
ing the mechanisms at work where the processes of deformation are poorly
understood.
In the field of mining-induced subsidence, during the 1970s and 1980s,
with the growing problem of ground subsidence, in-depth investigations of
subsidence mechanism were conducted by a number of researchers, Suther-
land et al. (1984); Wold (1985); Whittaker and Reddish (1989), for example.
Physical modelling was shown to be a particularly useful tool for understand-
ing the mechanism of the strata movement, crack propagation, caving process
and the progressive propagation of the subsidence towards the ground surface
(Whittaker and Reddish, 1989).
In following sections, physical modelling set-ups and data acquisition
techniques for modelling and monitoring required subsidence parameters and
ground movement characteristics are introduced followed by model construc-
tion procedure and principles of the physical modelling. Physical modelling
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techniques are then employed to model several multi-seam mining configu-
rations. In these models, geological conditions, thickness of the layers, ex-
traction thickness, mining method and strength parameters of the strata
are kept constant. The effects of changing multi-seam mining configuration,
i.e. relative location of the panels in the two mining seams and interburden
thicknesses, are then monitored on different subsidence parameters, such as
location of the maximum subsidence, angle of draw, tilt and the shape of the
subsidence profile. Strata movement mechanism due to multi-seam mining
is also investigated by monitoring crack propagation pattern, strata verti-
cal movement profile and angle of break, which is the angle of major crack
propagation from the edge of the extracted panel from the vertical line. In
the end, results from different models are compared with each other in order
to understand the effect of changing multi-seam mining configuration on the
subsidence characteristics. Also, these models help identifying the underly-
ing ground movement mechanism that leads to formation of the multi-seam
subsidence.
4.2 Principles of physical modelling
Many researchers have established their own methods and choices of materials
for physical modelling of mining-related problems. In addition, many differ-
ent methods of analysis and data acquisition have also been used. Depending
on the purpose of the study, photogrammetry, displacement sensors, strain
gauges or dial gauges were commonly used to record the required output. A
83
summary of the model materials and measurement systems is presented in
Table 4.1. In this section, the choice of material, similarity theory and model
construction process are explained for physical modelling of multi-seam sub-
sidence. Various data acquisition techniques and measurement tools, suitable
for multi-seam subsidence modelling, are further explained in Section 4.3.
Table 4.1: Summary of model materials and measurement systems in the
literature (continued into the next two pages).
Measurement
devices and
techniques
Acquired
parameter
Purpose of
model
Model material Authors
Photogrammetry Subsidence curve,
fracture
propagation,
principal strain
Subsidence
analysis
Sand-plaster-
water
Whittaker et al.
1985; Whittaker
and Reddish
1989; Whittaker
et al. 1990
Photogrammetry Displacement,
caving process
Multiple-seam
stability
Sand-plaster-
water
Wold 1985
Photogrammetry
- strain gauges -
flexural gauges
Photogrammetry
- strain gauges -
flexural gauges
Tunnel stability Sand, talcum,
gypsum, etc.
Piede 1986
Load cells - laser
displacement
sensor
Earth pressure,
surface
settlement
Distribution and
variation of the
earth pressure
and surface
settlement after
tunnelling
Aluminium rods
and blocks
Park and Adachi
2002
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Mini-multi-point
extensometer -
strain gauge -
optical ber sensor
meter - acoustic
measurement
system
Displacement,
yield zones,
cavern inner
destruction
Stability of an
underground
cavern (3D)
Material similar
to the original
rock
Li et al. 2005
Photogrammetry
(VMS and
EngVis software)
Displacement Pile-soil-
tunnelling
interaction
Multi-sized
aluminium rods
Lee and Bassett
2007
Photogrammetry
- strain gauges
Stress
distribution
Top coal caving Sand, gypsum,
lime and loess
Xie et al. 2009
Photogrammetry
- dial gauges
Displacement Rock deformation
around block
caving extraction
Barite powder,
iron powder,
glycerol, etc.
Ren et al. 2010b
Infrared
thermography -
strain
measurement
Fractured and
failure zones
Roadway tunnel Gypsum, water He et al. 2010
Photogrammetry Displacement Subsidence
analysis
Aggregates, lime
and gypsum
Huayang et al.
2010
Photogrammetry
- displacement
sensors
Displacement Gas in
multiple-seam
Plaster, grits,
soot, etc.
Liu et al. 2011
Photogrammetry
- stress sensors
Displacement,
ground stress,
failure shape
Tunnel stability Barite, sand,
plaster, etc.
Huang et al. 2013
Photogrammetry
-LVDT
Displacement,
caving process
Longwall caving
and water flow
Sand, barite,
gypsum, etc.
Sui et al. 2015
Laser scanner Surface
settlement
Subsidence
analysis (3D)
Gravel Thongprapha
et al. 2015
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Photogrammetry
- wire strain
gauges - steel
wire pressure
cells
Fracture
development,
structural stress,
rock pressure
Tunnel stability Clay, slag and
sand
Lei et al. 2015
Photogrammetry
- FBG -
multi-point
extensometer
Displacement,
stress, rock
failure
Roadway tunnel
stability
Siltstone, silica
aggregates,
gypsum, etc.
Li et al. 2015
Photogrammetry
- strain gauges -
displacement
meters - Acoustic
emission (AE)
Displacement,
strain, cracking
behaviour
Tunnel stability Barite powder,
sand, expansion
soil
Lin et al. 2015
4.2.1 Similarity theory
Amongst the physical modelling examples (Table 4.1), the gravity loaded
sand-plaster model appeared to be one of the best options for modelling
mining induced subsidence. The material can be found easily and as Whit-
taker and Reddish (1989) explained, a sand-plaster model has the ability to
simulate the caving process and fracture growth after the mining activity to
represent the mechanism of mining subsidence. Therefore, a gravity loaded
sand-plaster-water mixture was adopted in this study.
Due to the difference in scale between coal fields and laboratory exper-
iments, model materials must be selected to maintain meaningful physical
proportions to the field conditions. The modelling material needs to be tested
and its properties should satisfy similarity theory principles (Weishen et al.,
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2011; Liu et al., 2011). According to similarity theory, strength, density and
geometry should follow a relationship as described below:
Cσ
Cρ × CL = 1 (4.1)
where CL is the constant of geometry similarity, Cσ is constant of strength
similarity and Cρ is constant of density similarity between the prototype
(field scale case) and the model. CL, Cσ and Cρ can be calculated as follow:
CL =
Lp
Lm
, Cσ =
σp
σm
, Cρ =
ρp
ρm
(4.2)
where subscript p, stands for prototype, m, stands for model, L, stands for
length, σ, stands for strength and ρ, stands for bulk density.
Measuring rock mass strength parameters is not directly possible via labo-
ratory or field tests. It can be indirectly estimated through number of meth-
ods such as rock mass rating systems, e.g. RMR, Q-system, GSI (Alejano
et al., 1999) or by reducing the strength parameters of intact rock (Ren et al.,
2010b) using a number of empirical correlations and intact rock strength pa-
rameters (Xu et al., 2013). In the present study, an empirical correlation
suggested by Mohammad et al. (1997) was used. This approach is based on
the assumption that the mean uniaxial compressive strength of rock mass
is about 28 % of intact rock compressive strength obtained from laboratory
tests (Mohammad et al., 1997; Xu et al., 2013). Taking a representative in-
tact rock uniaxial compressive strength (UCS) of approximately 57 MPa for
sandstone-dominated sedimentary strata typical of Australian coal seams,
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Table 4.2: Similarity theory constants.
Density
(kg/m
3
)
Strength-UCS
(kPa)
Geometry-panel
width (m)
Prototype case 2700 16700 150
Physical model 1909 52 0.66
Similarity constants Cρ = 1.41 Cσ = 319.5 CL = 226
the estimated rock mass strength would be 16.7 MPa. This value was used
to calculate similarity constants.
After completing a series of trial tests, a suitable mixture of sand-plaster
and water was chosen to be used for the physical modelling. This mixture
has been tested and its strength parameters with the prototype rock mass
properties are shown in Table 4.2. The similarity constants based on the
dimensions of the model, strength and density of the test material can be
calculated as CL = 226, Cσ = 319.5 and Cρ = 1.41 (Table 4.2).
4.2.2 Boundary conditions and plane strain assumption
While the ratio between the dimensions of the model and prototype case is
controlled by similarity theory, the total size of the model should be chosen
with respect to the boundary conditions. Boundaries should be placed in
a distance from the panels that panel extractions result in negligible stress
fluctuation on the boundaries (Li et al., 2005; Ren et al., 2010b). Lubricating
the boundaries reduces the friction and results in boundary condition as
shown in Figure 4.1. Under this condition, a section of the longwall panel
can be assessed under plane strain assumption. This assumption is only valid
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if one dimension of the longwall panel (length) is sufficiently long such that
the effect of the start and end of the panel has negligible influence on the
deformation characteristics and stress fluctuation of the middle of the panel.
This is commonly the case for coal longwall panels, where a section of the
panel along its width can be modelled under plane strain condition.
Subsided ground Virgin ground
Limit of
subsidence
Model frame
Figure 4.1: Boundary condition of the physical model.
Considering these conditions, the physical model frame was built to be
200 cm long, 52 cm high and 15 cm thick (Figure 4.1). The extraction
panels were located far enough from the side boundaries of the model to
reduce any boundary effects, and maintain the original boundary conditions.
It should be noted that in order to build the physical model, the sample
needs to be cast between front and back supports. However, to perform
the test, the front part of the frame was removed to let extraction of the
panels. Enough lubrication was applied on these parts to reduce building
up any unnecessary stress during casting. It is also assumed that the model
thickness has negligible effect on stress fluctuation along its thickness during
the test.
89
4.2.3 Model construction and testing procedure
All the layers in this model were composed of the same material and con-
structed layer by layer in the model frame. Each layer was approximately
20 mm thick and a fine layer of saw dust was added between each layer to
separate the layers. Coloured pigments were added to the mixture to pro-
duce visibly distinct layers. The same material properties were used for all of
the layers. Modelling all layers with the same material prevents introducing
additional complexity in ground movement characteristics and reduces the
number of material related variables that affect the general mechanism of the
multi-seam subsidence. This also ensures better understanding of the differ-
ences between the mechanisms of single and multi-seam subsidence without
considering changes in the mechanism due to the presence of different mate-
rials.
The test material was mixed and cast into layers to simulate the lam-
inated rock strata. Two horizontal coal seams were simulated by placing
removable wooden blocks in selected locations at different levels. The mix-
ture was cast and left for one day to reach the designated strength before
testing commenced. Sequential extraction of the coal seam was modelled by
withdrawing individual wooden blocks from a layer within the model. Ap-
proximately one and a half to two hours were given after fully extracting
the upper and lower panels to allow the deformation to be fully developed
(see Section 4.3.3). Suitable measurements were taken when the model stabi-
lized following the extraction of each panel using a range of data acquisition
techniques.
90
4.3 Data acquisition and measurement tools
Various researchers used different techniques to measure the required param-
eters, depending on their purpose of physical modelling (Table 4.1). From
Table 4.1 it can be seen that monitoring devices and data acquisition tech-
niques in physical modelling of mining-related problems have not been sig-
nificantly improved from the early models. Only recently, a few examples of
utilizing newer technologies, such as laser based measuring devices, infrared
and acoustic measurement have been reported in the literature (He et al.,
2010; Thongprapha et al., 2015; Lin et al., 2015). It is considered advanta-
geous to employ some of these new measurement techniques for the purpose
of physical modelling of multi-seam subsidence to be able to monitor the de-
sired strata movement and subsidence parameters at different stages of the
test.
Studying the mechanism of ground movement due to excavating an under-
ground opening requires understanding the overall ground movement pattern,
monitoring fracture growth after multiple extractions, precise measurement
of ground deformation and mapping of both horizontal and vertical displace-
ments. The common measurement techniques in the available examples of
physical modelling (Table 4.1), such as stress/strain gauges and photogram-
metry, provide researchers with discrete or point-based measurements. Al-
though accurate measurement of the substrata and surface deformation is
possible by photogrammetry (by placing sufficient number of target points
on the model test), producing a contour deformation map of the whole model
is typically deemed to be time consuming with high operational cost. In addi-
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tion, most of the newly developed methods of crack propagation monitoring,
such as infrared and acoustic measurement, are either expensive to use and
computationally taxing or unable to produce an illustrative output.
The recent developments in digital photography and laser based technolo-
gies have made it possible to monitor the physical modelling results relatively
easier with higher accuracy. Digital Image Correlation (DIC) technique is
able to produce a 2D full-field map of the strata displacement using high
resolution photographs. This technique can be a suitable substitute for pho-
togrammetry if a contour map of the strata displacement is required. In
addition, non-contact laser based technologies, such as 3D laser scanners, de-
vices that can measure length, temperature and acceleration without making
any contact with the sample (optical displacement transducers, for example)
have been improved tremendously over the past decade and are available
to be used. Utilizing these advanced monitoring devices, image processing
techniques and surveying technologies can help achieving reasonably accu-
rate measurement of the dynamic displacement of a point, subsidence and
horizontal displacement of the ground surface, strata movement pattern and
crack propagation pattern around a longwall excavation.
To be able to monitor the strata movement and subsidence parameters
due to multi-seam mining in physical models, some of the abovementioned
recent technologies were used. The equipment used in this study includes op-
tical Non-contact Displacement Transducer (optoNCDT), Terrestrial Laser
Scanner (TLS) and digital camera. Technical specification and measurement
precision of these devices are abstracted in Table 4.3. Each of these devices
was employed for distinct purposes. The output of each method was also
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Table 4.3: Technical specication and measurement precision of monitoring
devices.
Device Distance to model (m) Measurement precision Output type
TLS ≈ 2 ≈ 2 mm at r <= 30 m Digital-3D
Camera ≈ 2 10.2 MP Digital-2D
optoNCDT ≈ 0.02− 0.2 0.001 mm Digital-1D
used to cross check and validate the measurements of other methods. In all
of these methods, displacement analyses was performed by monitoring the
changes between the initial stage and desired stage of the test. A schematic
view of the model test set-up is shown in Figure 4.2. The digital camera
(in the centre) and TLS (next to the camera) were placed in front of the
model to monitor the front surface. The optoNCDTs were placed above the
top surface of the model to monitor the surface subsidence. In the follow-
ing sections, various techniques for data acquisition and interpretation of the
measured data, using the abovementioned devices are briefly explained.
4.3.1 Photogrammetry
Photogrammetry is a popular, cheap and simple measurement method used
in physical modelling of mining-related problems and yet one of the most
reliable measurement techniques if suitable equipment is used. There are
various examples of this measurement method for physical modelling appli-
cations in the literature (Table 4.1). The only equipment required for this
method is a high resolution camera. Using this method, photos of different
stages of the test are compared with each other to derive the displacement
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Figure 4.2: Schematic (a) top view and (b) front view of the test frame and
monitoring devices.
vectors. The number of tracking points can be chosen in accordance with
the purpose of the model and desired measurement precision (one point in
every 5 cm in this study). These target points can then be used to extract
displacement vectors between any two stages of the model. This is achieved
by placing two photos of two stages of the model together and tracing the
tracking points on the surface of the model (Figure 4.3). Horizontal and
vertical displacement at each point can then be derived by extrapolating the
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vertical and horizontal component of each displacement vector. Given the
quality of these photos in this study, displacement vectors to an accuracy of
approximately −/+ 0.1 mm can be measured.
Stage 1 Stage 2
Stage 1 & 2 Displacement vectors
Figure 4.3: Subsidence and horizontal displacement measurement by pho-
togrammetry analysis.
4.3.2 Digital Image Correlation (DIC)
DIC was first introduced during the 1980s by Sutton et al. (Kashfuddoja
et al., 2014; Sutton et al., 1983). It is a method to measure full-field defor-
mation pattern of deformed samples (Kashfuddoja et al., 2014; Zhou et al.,
2015). By having two photos at different stages of the test, displacement
contours can be drawn by tracking a number of target points in the reference
photo and the deformed one (Jiang et al., 2015). A region of interest (ROI)
is introduced at the beginning of the analysis and then the deformation is
measured by optimising the correlation between the target points in two (or
more) images (Zhou et al., 2015) (Figure 4.4). This analysis can be done us-
ing various algorithms. These algorithms have been discussed extensively by
other researchers in the literature (Sutton et al., 1983, 2009; Rastogi, 2000).
Based on these algorithms, a number of open source and free software pack-
ages and codes are available for researchers to be used for DIC analysis. In
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this thesis NCORR-v1-1 was employed, which is a Matlab code developed
by Justin Blaber.
DIC analysis only takes a few minutes to perform and can be done right
after the test. However, because of using limited number of target points to
derive the final displacement contour, displacement measurements by DIC
method is not as accurate as the photogrammetry.
Figure 4.4: Strata vertical deformation measurement by DIC method.
4.3.3 Optical Non-Contact Displacement Transducer (op-
toNCDT) devices
OptoNCDT devices are designed for one dimensional length measurements.
A basic optical displacement transducer measures the changes in length of
an object to a specific accuracy depending on the type of the device used.
OptoNCDT using a laser beam light can measure the changes in distance
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from an object to fraction of a millimetre. Depending on the type of the
optoNCDT, it can measure distance of an object between 0.5 to 2000 mm
from the pointer (Micro-Epsilon, 2015). The device projects a light beam
to the measurement target, which is reflected back to the optical receiving
position-sensitive element. If the position of the target point is changed, the
location of the reflected light on the receiving element is changed accordingly.
Figure 4.5 illustrates the working mechanism of an optoNCDT. The distance
of the target point at any time can be measured using triangulation (Girao
et al., 2001; Berkovic and Shafir, 2012). With this method, distance D can
be calculated as follow:
D
E
=
F
G
(4.3)
where E is the distance from the pointer to the lens, F is the distance from
the lens to the receiving element, and G is the measured distance from the
original known location (Figure 4.5).
An important advantage of using optoNCDT compared to other measure-
ment techniques is its ability to capture real time data during the time that
the test is being conducted.
Laser lightbeamTarget point
E
F
Laser light
reflection
D 
G
Lens
Receivingelement
Target point
Visible light spot
Model's top surface
Figure 4.5: One dimensional displacement measurement by optoNCDT
(adapted from Berkovic and Shafir 2012).
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Influence of time on physical modelling
Monitoring the final static state of the model requires permitting the model
to reach its final displacement state after extracting each panel. OptoN-
CDTs can be used to find this final stage by monitoring the dynamic surface
subsidence on ground surface. The optoNCDTs can actively monitor one
dimensional displacement on a number of fixed target points (Figure 4.2b).
Using this dynamic measurement, the final stage of the test can be deter-
mined when the displacement values converge to (stabilise at) a certain mea-
surement. Suitable measurements can then be captured by means of other
measurement tools at the final static stage of the test.
Using this technique the dynamic subsidence measurement for the two
staggered configuration models (Figure 4.10c,d) as shown in Figure 4.6 are
captured to find the final static state of the models. As Kratzsch (1983)
described, after initiating the extraction, the strata take a few minutes to
respond. The caving process, then, starts in the area above the extraction and
the deformation becomes evident on the ground surface. By extracting the
whole panel, the ground movement is developed significantly on the ground
surface. This is followed by a stabilization phase, the time in which the strata
reach their final state and the ground movements stabilize (Figure 4.6). This
stage is considered as the appropriate time for taking the final data by other
measurement tools for further analysis of the ground movement profile.
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Figure 4.6: Incremental dynamic surface subsidence after extraction of the
lower panel at different surface locations for (a) staggered configuration with
thin interburden and (b) staggered configuration with thick interburden (see
Section 4.4), whereX is the target point’s horizontal distance from the middle
of the model.
4.3.4 Terrestrial Laser Scanner (TLS)
TLS instruments can observe the surface movement on numerous scales, in-
cluding millimetres to tens of meters. These surfaces are generated from
clouds of points or point clouds consisting of a multitude of observed posi-
tions in the instrument’s coordinating system or other coordinating systems
(Figure 4.7). By repeatedly remeasuring these surfaces in the same coordi-
nating system it is possible to measure the displacement anywhere within the
point cloud. This technology differs from optical transducers, which measure
displacement, but only at discrete locations.
Modern TLS instruments generate point clouds by measuring the distance
or range from the centre of the instrument to the target surface. This occurs
by either measuring the time of flight (TOF) of the signal or the phase
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a)
Figure 4.7: An example of point cloud for staggered configuration with thick
interburden model (see Section 4.4).
change of the reflected signal (Figure 4.8a,b)). This concept is based on
Electromagnetic Distance Measurement and the range of the target can be
found with the following equations using two methods of TOF (Equation 4.4)
and phase change (Equation 4.5) (Shan and Toth, 2009):
R = ν × t/2 (4.4)
R = (Mλ+ ∆λ)/2 (4.5)
where R is the distance or range, ν is the speed of electromagnetic radiation
(known value), t is the measured travel time, M is the integer number of
wavelengths, λ is the value of the wavelength (known value) and ∆λ is the
fractional part of the wavelength (ϕ/2pi), where ϕ is the phase angle. Each
measurement type is more suited to specific applications. The TOF approach
can measure over very large distances (e.g. 300 m), but is slower and less
accurate than phase based observations. Phase based observations are rapid
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and accurate but presently limited to shorter ranges. Newer instruments
such as hybrid phase-pulse laser scanners combine the range and low noise
sensitivity of the time of flight technique, with the high accuracy (≈ 2 mm
at 30 m) at short range of phase shift technology (Trimble Navigation Ltd,
2015). Unlike photographs, which are made of coloured points (pixels), the
point cloud is a cluster of measurement points. Each point is defined by an
X-Y -Z coordinating information. This makes it possible to view the point
cloud from different angles by simply changing the local coordinate system
(manipulating the point cloud scene).
Transmitted pulse
Reflected pulse
Δλ
Range Reflective surface
a)
Reflected signalTrain
smitted signal
Laserscanner
Laserscanner
b)
Φr
Figure 4.8: Laser scanner measurement of R by means of (a) TOF and (b)
phase change (adapted from Shan and Toth 2009).
TLS and Airborne Terrestrial Laser Scanning (ALS) have already been
employed for mine subsidence measurements in Australia. Examples include
subsidence mapping at Illawarra Coal Mine (Riley and Crowe, 2006) and
near the city of Wollongong (Palamara et al., 2007). However, there are
very few examples of the application of TLS for laboratory-based scaled
physical subsidence modelling and only recently the TLS has been used for
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this purpose (Thongprapha et al., 2015).
Subsidence and cavity growth mapping by TLS
The data captured by TLS (point clouds) can be used for one dimensional sur-
face deformation measurement on a section of the point cloud by comparing
the point clouds after and before extraction of a panel. This can be done by
using point cloud software such as Trimble Realworks c©, which puts together
the two chosen surfaces and maps the surface deformation (Figure 4.9a). The
subsidence measurements by this method can then be compared with other
methods for cross comparison of the measurement techniques to prevent any
error. Also, the ability to view the model (point cloud) from various angles
provides the possibility of investigating the results in a 3D environment when
the model is no longer available (Figure 4.7).
In addition to the common practice of laser scanning, a new technique
has been developed to map the cavity growth pattern on any surface of the
model. This technique is based on the working mechanism of the TLS, that
the signal sent from the laser scanner can reach the depth of the cracks in the
model, if the laser scanner is located at an appropriate location. The wider
the fracture’s width is, the greater its depth will be and, thus, the farther
the signal can reach (with the maximum of model’s thickness). Therefore,
considering the surface of the model to be on X-Y plane (in local coordinates
of the laser scanner), Z axis indicates the depth of the cavities. By assigning
colours to different Z values, projection of each cavity on X-Y plane can be
drawn (Figure 4.9b). Warm and cold colours can be assigned to deep and
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shallow cavities respectively. In Figure 4.9b, for instance, negative values on
Z axis indicate deep cavities, i.e. warm colour (red), and z = 0 indicates zero
cavity (any point on X-Y plane), i.e. cold colour (blue).
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Figure 4.9: (a) One dimensional displacement measurement on a model’s top
surface and (b) cavity growth mapping from the point cloud.
The cavity growth maps after extraction of each panel can be compared
together to monitor the fracture development pattern. An important factor
in achieving high quality cavity growth maps is the resolution of the scan. If
the resolution is equal or less than the fractures aperture in the model, some
of the fractures would not appear in the point cloud. For example, if the
laser scanner has the resolution of 2 mm, fractures with aperture of 2 mm or
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less cannot be modelled appropriately (see Table 4.3).
4.4 Case studies
To investigate the multi-seam subsidence characteristics, three different min-
ing configurations were modelled. These models are shown in Figure 4.10
as:
a) stacked configuration (Figure 4.10a);
b) extension of the lower panel in stacked configuration (Figure 4.10b);
c) staggered configuration with thin interburden (Figure 4.10c); and
d) staggered configuration with thick interburden under upper panel chain
pillars (Figure 4.10d).
It should be noted that the extension of the lower panel in the stacked con-
figuration, as shown in Figure 4.10b, resulted in the lower panel exceeding
the complete length of the upper panel (i.e. fully undermined panel with ex-
tended edges, see Section 3.3). These models were designed to monitor the
effects of changing mining configuration on the ground subsidence parame-
ters. To be able to refer to different areas in various models here, certain
terminologies are used as shown in Figure 4.10.
In all the models, site specific parameters, such as strength of the rock
material, thickness of the layers, bedding planes characteristics, overburden
depth and extraction thickness were kept constant. Under this condition only,
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Upper panel No.1 Upper panel No.2
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Lower panel
b) Extension of stacked config.
(Extension of the lower panel instacked config.)
Figure 4.10: Multi-seam case studies modelled via physical modelling.
Table 4.4: Design parameters and dimensions of each model converted to
equivalent field scale dimensions, considering the length similarity ratio of
CL = 226.
Configurations H1 H2 TIB T W
Stacked and
Staggereda
86 m 113 m 23 m 4 m
149 m
extension part:
75 m
Staggeredb 65 m 113 m 44 m 4 m
uppers:113 m
lower:158 m
a with thin interburden under a single panel, b with thick interburden under two panels
and chain pillars
the effects of multi-seam mining configuration on subsidence parameters can
be compared. Panel design parameters of each model are noted in Table 4.4,
where H1 is the upper panel’s depth of cover, H2 is the lower panel’s depth
of cover, TIB is the interburden thickness, T is the extraction thickness and
W is the panel width.
The stacked configuration (Figure 4.10a) and the extension of the stacked
model (Figure 4.10b) are symmetrical and only the left half of these models
is presented in this chapter. It should be mentioned that after extraction of
the right extension part in the latter model, overburden layers bridged over
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the extracted part. As a result, the ground movements were not completely
developed at the time that measurements were taken. Thus, subsidence
observations for only the left extension part are reported in detail.
It should be noted that the TLS and optpNCDT were only used for stag-
gered configurations with thin and thick interburdens (Figure 4.10c,d). In
these models, the TLS was used for cavity growth mapping of the model
front surface and the optoNCDTs were used for dynamic measurement of
subsidence at the time of the test to find out the suitable data taking time
(Section 4.3.3). This time for the stacked and extension of the stacked models
(Figure 4.10a,b) was decided based on the experience from trial models and
visual inspection of the model results. Also, digital photographs in all the
models were used for measurement of the surface subsidence, surface horizon-
tal displacement, strata movement and crack propagation pattern by means
of photogrammetry (Section 4.3.1) and DIC techniques (Section 4.3.2).
4.5 Physical modelling results
In this section, physical modelling results for the modelled case studies (Fig-
ure 4.10) are presented. These results are captured using the data acqui-
sition techniques explained in the previous sections. The monitored strata
movement and subsidence parameters are noted in Table 4.5. Some of these
parameters are also illustrated in Figure 4.2b.
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Table 4.5: Monitored multi-seam subsidence parameters, their definition and
measurement method.
Subsidence
parameters
Definition Measurement
method
Angle of break the angle of crack propagation from the
edge of the extracted panel from vertical
line
Photogrammetry
- digital camera
Angle of draw or
limit angle
The limit of the subsidence (20mm) from
the edge of the extracted panel to ground
surface from vertical line
Photogrammetry
- digital camera
Cavity growth
pattern
Areas of new cracking/crack closure and
bedding separation/closure after extracting
the lower panel
Cavity growth
mapping - TLS
Strata vertical
movement profile
vertical deformation pattern of the strata DIC - digital
camera
Ground surface
subsidence profile
vertical deformation of ground surface Photogrammetry
- digital camera
Ground surface
horizontal
displacement
horizontal displacement of the ground
surface
Photogrammetry
- digital camera
Tilt the slope of the subsidence profile; it can be
calculated as the first derivative of the
subsidence
From the
subsidence profile
4.5.1 Stacked configuration results
Crack propagation, angle of break and angle of draw
Extracting the lower panel re-activates the caved and disturbed areas in the
overburden layers and generates new bedding separations and areas of crack
closure and opening. Most of the bedding separations and cracks above the
middle of the panels become closed. New bedding separations and some
vertical cracks occur in upper layers close to the ground surface. At the area
above the edges of the upper panel, the angle of break is decreased due to
formation of new cracks (see Figure 4.11). In the interburden area, fractures
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(a) (b)
Figure 4.11: Angle of break and draw for stacked configuration after (a)
upper panel extraction and (b) lower panel extraction.
after the lower panel extraction propagate almost perpendicular to the upper
seam, due to the alignment of the edges. In addition, the angle of draw after
the lower extraction tends to widen slightly in comparison with the angle of
draw for the upper panel (Figure 4.11).
Strata movement
The strata movement profile shows a significant increase in the ground move-
ment after extracting the lower panel (Figure 4.12). The previously disturbed
and caved areas above the upper panel show the greatest displacement mag-
nitude after the lower panel extraction. This movement gradually decreases
towards the ground surface.
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Figure 4.12: Strata vertical deformation pattern by DIC technique for stacked
configuration after (a) upper panel extraction and (b) lower panel extraction.
Subsidence, tilt and horizontal displacement profile
The subsidence profile after the lower panel extraction is significantly deeper
and steeper than that of the upper panel. This increase in the magnitude of
subsidence is due to the closure of bedding separations and cracks above the
middle of the upper panel after extracting the lower panel (see Figure 4.11
and Figure 4.13a). Similar to the subsidence profile, the magnitude of tilt is
also increased significantly after the lower panel extraction (Figure 4.13b),
i.e. the magnitude of subsidence changes much faster than that of single-seam
subsidence, which creates a steeper profile.
The magnitude of the horizontal displacement does not change signifi-
cantly above the extracted panels. It can be seen that the ground surface
horizontal displacement of single and multi-seam extractions is generally sim-
ilar.
109
Upper panel
Lower panel
Maximum subsidence
Middle of both panels
Upper panel
Lower panel
Lower panelincremental
Location from middle of the model (cm)
-100 -80 -60 -40 -20 0
Su
bsi
den
ce 
(cm
)
0
-1
-2
-3
Symmetry line
(a)
×10-2
Til
t (c
m/
cm
)
15
10
5
0
-5
-10
-15
Lower panel
Upper panel
Upper panel
Lower panel
Symmetry line
Location from middle of the model (cm)
-100 -80 -60 -40 -20 0
(b)
Ho
riz
ont
al d
isp
lac
em
ent
 (c
m) 0.5
0.25
0
-0.25
-0.5
Lower panel
Upper panel
Upper panel
Lower panel
Symmetry line
Location from middle of the model (cm)
-100 -80 -60 -40 -20 0
(c)
Figure 4.13: (a) Subsidence, (b) tilt and (c) horizontal displacement profile
for stacked configuration.
4.5.2 Extension of the stacked configuration
Crack propagation, angle of break and angle of draw
Extending of the lower panel in the stacked model tends to close the pre-
viously existing cracks and reduce bedding separations above the edges of
the upper panel (see Figures 4.11 and 4.14). The voids under the partially
bridging strata next to the edges of the stacked panels also become closed
after extracting the extension part. This extraction induces new fractures
above the extension part, which in turn they increase the angle of break from
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the stacked configuration from almost zero to 17◦. In addition, the angle of
draw is decreased from 30◦ for the lower panel to approximately 14◦ for the
extension part.
Figure 4.14: Angle of break and draw for extension of the lower panel in the
stacked configuration.
Strata movement profile
Extracting the extension part creates additional deformation above the edges
of the overlapping area as a result of closure of cracks near the edges of the
stacked panels (Figure 4.15a). Also, the incremental strata movement profile
resulted from the extension part shows that the deformation profile is altered
by presence of the previously disturbed and caved areas (Figure 4.15b). It can
be seen that the ground movement profile is dragged towards the previously
weakened area, which creates a smaller angle of draw above the extension
part in comparison with the lower panel in stacked configuration.
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Figure 4.15: Strata vertical deformation pattern by DIC technique for exten-
sion of the lower panel in the stacked configuration.
Subsidence, tilt and horizontal displacement profile
Extending the lower panel induces ground surface subsidence not only above
the newly extracted area but also above the previously extracted lower panel
(Figure 4.16a). The incremental subsidence resulting from extension part in-
dicates that the maximum incremental subsidence occurs above the edges of
the previously extracted panels, not above the newly extracted part. In con-
trast, after extracting the extension part the magnitude of tilt is decreased
in comparison with the lower panel extraction in stacked configuration (Fig-
ure 4.16b). In other words, a smoother subsidence profile is formed after
extending the lower panel in the stacked configuration.
Extracting the extension part also increases the horizontal displacement
above the extended part (Figure 4.16c). This observation indicates that the
undermining virgin ground tend to move towards the previously disturbed
area, creating small angle of draw and increasing the horizontal displacements
magnitude.
112
Upper panel
Extension part
Maximum incrementalsubsidence
Maximum subsidenceSu
bsi
den
ce 
(cm
)
0
-1
-2
-3
-4
Lower panel
Extensionincremental
Extension
Symmetry line
Location from middle of the model (cm)
-100 -80 -60 -40 -20 0
(a)
Location from middle of the model (cm)
-100 -80 -60 -40 -20 0
×10-2
Til
t (c
m/
cm
)
15
10
5
0
-5
-10
-15
Extension
Upper panel
Extension part
Symmetry line
Lower panel
(b)
Ho
riz
ont
al d
isp
lac
em
ent
 (c
m) 0.5
0.25
0
-0.25
-0.5
Extension
Upper panel
Extension part
Symmetry line
Location from middle of the model (cm)
-100 -80 -60 -40 -20 0
Lower panel
(c)
Figure 4.16: (a) Subsidence, (b) tilt and (c) horizontal displacement profile
for extension of the lower panel in the stacked configuration.
4.5.3 Staggered configuration with thin interburden
Crack propagation, angle of break and angle of draw
Extracting the lower panel from under the upper extraction in the staggered
configuration with thin interburden heavily influences the angles of draw and
break at different edges of the upper and lower panels (Figure 4.17). The
asymmetric positioning of the upper and lower seams results in an asymmet-
ric pattern of deformation. As a result, the angle of draw on each side of the
lower extracted panel is distinctly different. This angle in the overlapping
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zone is 33◦, which is greater than the angle of draw for the upper panel (18◦).
On the other hand, the angle of draw at the lower panel end (8◦) is smaller
than the single-seam angle of draw and significantly smaller than the upper
panel end (Figures 4.17b). It appears that the presence of the upper panel
gob and the caved and disturbed zones above the upper panel significantly
affect the strength of the overlying strata, strata movement and the extent
of the subsidence after the lower seam extraction.
The lower extraction also creates new fractures in the disturbed zone
above the upper panel end. These new cracks reduce the angle of break at
the upper panel’s edge at this side (Figure 4.17). The angle of break at the
lower panel end is approximately zero (i.e. almost vertical) and a deep surface
crack is observed above this area (Figure 4.17b).
In addition, the cavity growth mapping illustrates that the cracks and
bedding planes in the vicinity of the overlapping area are mostly closed after
the lower extraction (Figure 4.18). Whereas, the bedding separations and
fractures above the upper panel end are mostly unaffected. In other words,
the previously existing cracks above the undermining area (overlapping area)
are affected more than the upper panel end area.
Strata movement profile
After extracting the lower panel, the most significant vertical deformation
occurred predominantly in the overlapping area (Figure 4.19). The inter-
burden layers show less deformation than the area above the overlapping
extractions. The deformation pattern in the disturbed zone above the iso-
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Figure 4.17: Angle of break and draw for staggered configuration with thin
interburden at different stages after (a) upper panel extraction and (b) lower
panel extraction.
lated upper panel end is similar to the resultant deformation pattern after
the single-seam extraction. At the other side of the model, relatively small
vertical deformation is observed above the lower panel end.
Subsidence, tilt and horizontal displacement profile
The maximum incremental multi-seam subsidence, as a result of the lower
panel extraction, occurs above the overlapping area and is not located above
the middle of the newly extracted panel (Figure 4.20a). The magnitude of
this subsidence also is significantly increased in comparison with the single-
seam extraction.
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Figure 4.18: Cavity growth mapping for staggered configuration with thin
interburden above upper panel after (a) upper extraction and (b) lower ex-
traction.
The profile of the tilt (Figure 4.20b) shows that the steepness of the
subsidence on the right and left side of the lower panel is rather different.
In the area above the upper panel end, the subsidence curve (Figure 4.20a)
starts with a smooth curve and then drops to the maximum point above the
middle of the overlapping area. Whereas, above the lower panel end, the
subsidence curve suddenly increases and reaches the maximum point with a
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(a) (b)
Figure 4.19: Strata vertical deformation pattern by DIC technique for stag-
gered configuration with thin interburden after (a) upper panel extraction
and (b) lower panel extraction.
constant decline. The tilt profile better illustrates this different movement
profile on two sides of the model. It can be seen that the maximum tilt on
the lower panel end is located above the edge of the extracted panel while
the minimum tilt is located beyond the edge of the lower panel and above
the upper panel end (Figure 4.20b). This observation also indicates a wider
subsidence profile above the upper panel end in comparison with the lower
panel end.
In addition, the magnitude of the horizontal displacement on two halves
of the lower panel is different (Figure 4.20c). Close to the lower panel end, the
maximum horizontal displacement is almost twice as big as the overlapping
zone. Furthermore, after the lower panel extraction, in the area close to a
surface crack above the upper panel end, a smooth decline in the magnitude
of horizontal displacement, together with a wide limit angle are observed. In
contrast, above the lower panel end, a sharp increase in horizontal displace-
ment, a tight limit angle and a deep surface crack are observed.
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Figure 4.20: (a) Subsidence, (b) tilt and (c) horizontal displacement profile
for staggered configuration with thin interburden.
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4.5.4 Staggered configuration under chain pillars
Crack propagation, angle of break and angle of draw
Extracting the lower panel results in slightly increased angle of draw on both
sides compared with the upper panel extractions. The ground movements
after the lower extraction take place mainly within the previously disturbed
areas above the upper panels (Figure 4.21). The resultant ground movement
after the multi-seam extraction, unlike previous models, does not alter the
angle of break above the outer ends of the upper panels. However, fractures
at these areas extend to upper layers with the same pattern. In other words,
after the lower extraction, the caving height above the upper extractions
increases with the same pattern. The angle of break for the lower extraction
at the interburden area (approximately 23◦) is slightly smaller than the angle
for the upper extractions (approximately 28◦). However, if the edge of the
lower panel is located under the edge of the upper panel (e.g. right edge of the
lower panel under left edge of the upper panel No. 2), shear fractures develop
and the angle of break would reduce. This phenomenon was observed during
the lower panel extraction, at the time that the extraction segment reached
under the edge of the upper panel No. 2 (Figure 4.22).
Cavity growth mapping results (Figures 4.23 and 4.24) show that, similar
to the other configurations, most of the fractures and bedding separations
above the overlapping area become closed after extracting the lower panel.
The open fractures above the outer ends of the upper panels are affected
slightly and mostly remain open. However, at the overlapping area most of
the cracks are closed (Figures 4.21 and 4.23-4.24).
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(a)
(b)
Figure 4.21: Angle of break and draw for staggered configuration under chain
pillars at different stages after (a) upper panels extraction and (b) lower panel
extraction.
Figure 4.22: Shear crack development in advancing longwall panel in stag-
gered configuration under chain pillars.
Strata movement profile
Following extraction of the lower panel, the maximum strata movement oc-
curs in the overlapping area above the upper panels (Figure 4.25). In addi-
tion, the presence of chain pillars in the upper seam does not significantly
restrain the strata movement and the chain pillars area subsides accordingly
after extraction of the lower panel (Figure 4.25a). However, by increasing the
width of the chain pillars area, it is expected that the reducing effect of this
area on the strata movement would be more significant due to its increased
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Figure 4.23: Cavity growth mapping for staggered configuration under chain
pillars above upper panel No. 1 after (a) upper extraction and (b) lower
extraction.
bridging ability.
Subsidence, tilt and horizontal displacement profile
The magnitude of the subsidence after extraction of the lower panel in-
creases significantly over the overlapping areas (Figure 4.26a). The upper
panels’ subsidence curves show that extraction of the upper panel No. 2 in-
duces some extra ground movement due to consolidation of the strata above
the upper panel No. 1 (Figure 4.26a). The incremental multi-seam subsi-
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Figure 4.24: Cavity growth mapping for staggered configuration under chain
pillars above upper panel No. 2 after (a) upper extraction and (b) lower
extraction.
(a) (b)
Figure 4.25: Strata vertical deformation pattern by DIC technique for stag-
gered configuration under chain pillars at different stages after (a) upper
panel extraction and (b) lower panel extraction.
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dence also shows that the maximum incremental subsidence occur above the
overlapping area of the upper panel No. 2, where the previously disturbed
overburden layers are re-activated and cracks become partially closed. In
addition, similar to the strata movement profile, presence of the chain pillars
does not significantly reduce the surface subsidence above the chain pillar
area.
The tilt after the lower panel extraction is also significantly increased
compared with the single-seam extractions (Figure 4.26b). The magnitude
and profile of the tilt is quite similar on both sides of the lower panel, which
are the result of symmetric configuration of panels. However, similar to
Figure 4.20b, the maximum tilt occurs beyond the edge of the lower panel,
which depicts a wider subsidence profile in comparison with the single-seam
extractions.
The surface horizontal displacement profile after the lower panel indicates
a slight increase in comparison with the single-seam extraction (Figure 4.20c).
The magnitude of the horizontal displacement in this model is smaller than
the minimum accuracy of the photogrammetry method used for horizontal
displacement measurement (see Section 4.3.1), which induces error in the
measurements. Observing regular fluctuations in the horizontal displacement
profile is due to this error.
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Figure 4.26: (a) Subsidence, (b) tilt and (c) horizontal displacement profile
for staggered configuration under chain pillars.
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4.6 Strata movement and subsidnece character-
istics due to multi-seam mining
4.6.1 Strata movement characteristics
General underlying strata movement and fractures closure/opening patterns,
which result in the multi-seam subsidence in stacked and staggered config-
urations with thin interburden, are schematically illustrated in Figure 4.27.
These illustrations help simplifying the complicated ground movement char-
acteristics resulted from various multi-seam mining configurations.
From the subsidence measurements in all the modelled configurations it
can be concluded that the disturbed overburden strata above the upper panel
depicts negligible bridging capacity and subside greatly after the lower panel
extraction (Figures 4.27b,c). In other words, the strength parameters of the
overburden strata are reduced following the first mining activity. This ob-
servation is similar to what Li et al. (2010) referred to as the overburden
modification. They suggested that the original overburden characteristics
after the first mining activity becomes less important for subsidence devel-
opment of the lower panel extraction (Chapter 3). Also, closure of the pre-
viously existing fractures and bedding separations − existed after the upper
panel extraction − contribute to the enhanced magnitude of the multi-seam
subsidence.
Presence of the previously extracted panel adjacent to undermined virgin
strata results in changing the ground movement pattern in this area. Reduced
strength of the previously disturbed and caved zones above the upper panel
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Figure 4.27: Schematic ground movement after extraction of (a) upper panel,
(b) lower panel in staggered configuration with thin interburden and (c) lower
panel in stacked configuration. Size of the arrows denote for the magnitude
of deformation in (b) and (c).
provides the newly undermined strata with an alternative deformation path.
As a result, the newly undermined strata tend to move towards the previously
disturbed zone, creating tight angle of draw above this area (Figure 4.27b).
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This phenomenon was observed above the extension edges in Sections 4.5.2
and 4.5.3. Also, presence of the weakened area above the staggered edges
results in increased angle of draw, which is due to the reduced load bearing
ability of this weakened area (Figure 4.27b).
In addition, the results of the increased interburden thickness in the stag-
gered configuration under presence of the chain pillars (Section 4.5.4) illus-
trated reduced effect of multi-seam mining in comparison with staggered
configuration with thin interburden (Section 4.5.3). The angle of draw and
break of the lower panel in the former model was not severely affected by
the presence of the previously disturbed and caved areas above the upper
panels. This observation indicates that presence of thick interbuden reduces
the influence of the lower panel on the previously affected areas by the first
mining activity.
4.6.2 Normalised subsidence and tilt profiles
The shape and the slope of the subsidence profile for different mining config-
urations can be compared by investigating the normalised subsidence (Fig-
ure 4.28a) and calculating the tilt on the normalised subsidence curves (Fig-
ure 4.28c). Investigating the normalised subsidence (subsidence magnitude
divided by the maximum subsidence at each point) helps reducing the effect
of small variations in the strength of model material due to environmental
factors in different models. It can be seen that the difference in mining con-
figuration results in different shapes of the subsidence curve and tilt. Stacked
configuration results in a more concentrated subsidence profile over the ex-
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tracted lower panel in comparison with staggered configurations. In addition,
the location of the maximum subsidence changes in different mining config-
urations (Figure 4.28a). The maximum multi-seam incremental subsidence
in different configurations is often located above the overlapping area of the
panels. This is different from the single-seam subsidence where the maxi-
mum incremental subsidence is commonly located above the middle of the
extracted panel in flat seam extractions.
The tilt profiles also changes as a result of changing mining configuration
(Figure 4.28c). The magnitude of tilt after extension of the lower panel
in stacked configuration reduces, which shows a smaller slope of subsidence
profile above the extension part. In general, it can be seen that the stacked
configuration results in the highest tilt, i.e. the highest slope of the subsidence
or steepness of the profile, followed by the staggered configurations.
A summary of the measured subsidence parameters of different multi-
seam mining configurations are presented in Table 4.6. In general, these
results agree well with the multi-seam subsidence field observations. In this
regard, changing location of the maximum multi-seam subsidence, increase in
the magnitude of the multi-seam subsidence, different multi-seam subsidence
profile shapes due to various mining configurations and change in the lower
panel’s angle of draw, which have been observed from the physical modelling
results, were also reported in various technical reports and research articles
in the literature (see Section 3.2).
It should be noted that the presence of geological features, such as faults
or a thick, strong layer above the longwall panels in different case studies
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Figure 4.28: (a) Normalised subsidence, (b) normalised horizontal displace-
ment and (c) tilt for all models.
would result in variations in subsidence observations. These geological fea-
tures were not considered in the physical models as presented in this chap-
ter. Thus, care should be taken to consider the effect of geological feature
in evaluating the multi-seam subsidence while using the results presented in
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Table 4.6: Summary of the multi-seam subsidence parameters from the phys-
ical models.
ConfigurationMagnitude of
subsidence
Shape of the
subsidence profile
Angle of draw
Stacked Enhanced Steep above the edges,
concentrated above the
extracted panels
Slightly increased above
both edges
Extension of
stacked
Enhanced Wide above the extension
part
Decreased above the
extension part (at the
virgin ground)
Staggereda Enhanced Wide over the upper panel
end with a sharp fall to
the maximum subsidence
Increased above the upper
panel end and decreased
above the lower panel end
(at the virgin ground)
Staggeredb Enhanced,
slightly reduced
under chain
pillars
Mainly restricted to the
previously disturbed area
above the upper panels
Slightly increased above
both edges
a with thin interburden under a single panel, b with thick interburden under two panels
and chain pillars
this chapter. Furthermore, the observation and discussion presented in this
chapter were based on sand-plaster physical models, although similarity the-
ory was employed in the set-up and interpretation, the gap between physical
model and real mining configuration should not be overlooked.
4.7 Summary
In this chapter, physical modelling techniques were utilised in order to inves-
tigate the differences in the characteristics of the multi-seam subsidence due
to various multi-seam mining configurations. This has been done by mon-
itoring various subsidence and ground movement parameters while keeping
the geological and site specific variables constant. Physical modelling results
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showed that the single and multi-seam subsidence profiles and their induced
ground movement patterns are significantly different in all the cases. These
factors were also different as a result of various multi-seam mining configu-
rations.
The main differences between the single and multi-seam subsidence pro-
files were as follow:
• increased subsidence factor after extraction of the lower panel;
• change in the shape of the subsidence profile and asymmetric subsi-
dence profile as a result of multi-seam extraction;
• increase or decrease in the magnitude of tilt;
• change in the location of the maximum tilt; and
• increase or decrease of the angle of draw.
In addition, monitoring the strata movement profile and crack propaga-
tion pattern after the upper and lower panel extractions revealed that pres-
ence of weakened, disturbed strata above the upper panel affect the strata
response to the lower extraction. After the lower extraction, depending on
the positioning of the panels in the two seams, different areas of fracture
closure/opening form. These areas result in different strata movement pat-
terns, which develop different multi-seam subsidence profile shapes on the
ground surface. Multi-seam subsidence characteristics due to various mining
configurations are summarised in Table 4.6.
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Based on the physical modelling results, the most significant effects of
the presence of a previously weakened area above or in a close vicinity of the
lower panel can be mentioned as follow:
• the reduced bridging ability of the disturbed and caved strata and
closure of previously existing fractures and bedding separations result
in a great magnitude of multi-seam subsidence on the ground surface;
• presence of the previously weakened strata provides undermined virgin
strata above extension edges with an alternative deformation path. As
a result, the virgin strata tend to move towards the previously disturbed
strata, creating a small angle of break and draw;
• presence of the previously weakened strata also alters the horizontal
displacement profile above the extension edges;
• above staggered edges, presence of the weakened strata result in a large
angle of draw due to the weakened strata’s reduced load bearing ability;
and
• presence of thick interburden layers influences the multi-seam interac-
tions. Above the staggered edges, presence of thick interburden layers
results in smaller angle of draw and reduced effect of the lower extrac-
tion on crack propagation pattern above the previously extracted upper
panels in comparison with the thin interburden.
Insights into the mechanism and characteristics of the multi-seam subsi-
dence gained from the physical modelling presented in this chapter will be
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utilised for characterisation of the multi-seam subsidence for different multi-
seam mining configurations in Chapter 7. In the next chapter, a Finite
Element (FE) modelling approach is proposed for simulating the multi-seam
subsidence as an alternative method for investigating the multi-seam strata
movement pattern and subsidence characteristics. The numerical modelling
results are then compared with the physical modelling results.
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C H A P T E R 5
Numerical modelling of
multi-seam subsidence
5.1 Introduction
Numerical modelling is a powerful and cost effective tool for performing pre-
liminary investigations for evaluating the ground movement characteristics
and the extent of ground surface subsidence due to longwall mining. It can
be used as an alternative modelling method to physical modelling techniques,
especially in cases where studying the effects of various parameters on the
multi-seam subsidence characteristics is difficult, time consuming or impos-
sible via physical modelling techniques.
There are various examples of numerical modelling of ground subsidence
and stress distribution around coal seam longwall panels available in the
literature. Researchers have used different numerical methods and modelling
approaches in order to achieve better precision in the results. These methods
includes Finite Element Method (FEM) (Deck and Anirudh, 2010; Alehossein
and Poulsen, 2010; Pariseau, 2012; Suchowerska et al., 2012; Unlu et al., 2013;
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Suchowerska et al., 2014a), Discrete/Distinct Element Method (DEM) (Gao
et al., 2014b; Zhang et al., 2015a), Finite Deference Method (FDM) (Alejano
et al., 1999; Xu et al., 2013), mesh free methods and user defined damage
models (Karekal et al., 2011; Xu et al., 2015). However, there are only a
few examples of numerical modelling of multi-seam subsidence available in
the literature (Suchowerska et al., 2014a; Suchowerska, 2014; Adhikary et al.,
2015; Khanal et al., 2015).
Numerical modelling of multi-seam subsidence is inherently more com-
plicated than single-seam subsidence. In both cases geological features such
as bedding planes need to be modelled accurately in order to reliably simu-
late strata behaviour. Also both cases entail simulating the caving process,
i.e. falling of roof layers into the extracted longwall panel void as a result
of failure in the rock mass following the mining activity. In the multi-seam
subsidence case, however, post-failure behaviour of the rock mass should also
be considered and the loading/unloading of the previously caved rock mass
during the second mining activity needs to be simulated. Undermining of
coal below a previously mined seam is particularly complex and hence is the
focus of this study. It should be noted, however, that the discussions and
conclusions herein are considered applicable to modelling other multi-stage
excavations.
In the following sections, essential components and necessary steps in
achieving a robust numerical model of multi-seam subsidence are explained.
A robust numerical model should be independent of the mining configura-
tion and capable of predicting the enhanced strata movement and subsidence
magnitude due to multi-seam mining. Currently available methods and pre-
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vious works on numerical modelling of multi-seam subsidence are critically
reviewed and evaluated against the proposed essentials of multi-seam sub-
sidence modelling. A simple FEM-based approach is then proposed that
satisfies the introduced modelling requirements to simulate the caving pro-
cess, rock mass deterioration and subsidence around multi-seam excavations.
The proposed approach is utilised to simulate three case studies with similar
geometry and mining configurations to the physical models in the previous
chapter. Results of the numerical modelling of different mining configu-
rations are compared with their respective physical modelling results. In
addition, variations of subsidence magnitude as a result of different mining
configurations, which was not possible to investigate via physical modelling,
are studied. In the end, robustness of this approach is evaluated by com-
paring the subsidence prediction and strata movement pattern resulted from
this approach with two other common modelling techniques for stacked and
staggered configurations.
5.2 Modelling mining-induced subsidence in strat-
ified rock formations
Longwall coal mining generally occurs in stratified rock formations. The
anisotropic nature of these formations strongly influences the caving pro-
cess and consequently the ultimate ground response due to longwall mining.
Stratified rock shows different stress-strain relationship according to the di-
rection of the induced stress. The rock mass contains bedding planes, which
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can be idealised as cohesionless surfaces that can separate without any resis-
tance in tension but transmit stress in compression (Figure 5.1a). According
to the caving process, which was explained in Chapter 2 and is schemat-
ically illustrated in Figure 5.1b, modelling rock strata as layered material
(anisotropic material) is of great significance. Thin rock layers would resist
less and deform easier than thick layers. In contrast, if the strata is modelled
as a continuum, extraction of a longwall panel would not result in significant
vertical deformation and the estimated subsidence profile would be wider and
shallower than what is observed. The importance of using a layered material
model is also emphasised by Su (1991) and Kelly et al. (2002).
The problem of single-seam subsidence can be modelled by extracting a
section of the ground from within a stratified rock formation. The ground
movement can be simulated by choosing suitable material properties that can
lead to reasonable surface subsidence profiles. Two modelling approaches
can be used here. One can explicitly consider the bedding interfaces, or
alternatively consider a homogeneous material with properties selected to
represent material stratification (Suchowerska, 2014). The latter approach
can be referred to as smeared material approach.
Simulating the single-seam subsidence problem does not necessarily re-
quire modelling sophisticated post failure behaviour of rock mass. However,
simultaneous consideration of bedding interfaces in an explicit model with
nonlinear material and geometry could severely increase the computational
cost.
One of the most important issues in numerical modelling of single-seam
subsidence is the large deformation occurring as a result of roof failure and
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Figure 5.1: Stratified rock formation (a), and caving and ground surface
subsidence in stratified rock formations (b) (adapted from Peng and Chiang
1984)
caving of roof layers. This large deformation can be overcome by incorpo-
rating approaches capable of handling nonlinear geometries in common con-
tinuum material analysis techniques. However, severe mesh distortion might
occur that can potentially lead to inaccurate results and/or lack of conver-
gence. This issue can be resolved by employing strategies such as adaptive
mesh refinement for continuum analysis (Li and Bettess, 1997; Nazem et al.,
2006; Kardani et al., 2011). Alternatively, employing discontinuum methods
like DEM (Gao et al., 2014a) or mesh free methods (Karekal et al., 2011) can
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handle the large deformation problem as well.
5.3 Numerical modelling of multi-seam subsidence
The strata deformation mechanism that leads to multi-seam subsidence is
different from single-seam subsidence (Unlu et al., 2013). This mechanism
can be explained as follow.
The first mining activity changes the stress distribution in the strata
and the failed rock above the extracted panel imposes extra stress on the
interburden layers until a new equilibrium in the state of the stress is reached.
Undermining this extracted panel changes the equilibrated stress condition
for the second time causing failure in the immediate rock layers that leads
to caving. Upper layers in the interburden area respond to this process and
start to deform progressively until the deformation reaches the previously
caved zone at an upper level. The caved zone would deform for the second
time, showing almost zero bridging ability and causing extra deformation
in the overburden layers. This new deformation would create new areas of
failure and bedding separations in the overburden area that would lead to
enhanced magnitudes of ground surface subsidence.
Apart from the nonlinear geometry due to large deformations involved,
what makes the multi-seam subsidence problem significantly more compli-
cated is the closure of the first opening which transfers the goaf weight to
the second panel and then the post-failure deformation of rock, i.e. deforma-
tion of goaf. These considerations are not critical in single-seam subsidence
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modelling, thus the approaches which work for single-seam subsidence sim-
ulation would not necessarily result in acceptable accuracy when used in
multi-seam subsidence simulation.
To be able to realistically capture the mechanical behaviour of the strata
in multi-seam mining, the applied numerical model should satisfy the follow-
ing requirements:
Req. a) Reasonable prediction of rock failure and simulation of caving, i.e.
large deformation caused by movement of failed material into the
opening;
Req. b) Transferring the weight of caved material to the lower rock layers;
and
Req. c) Assigning negligible strength to the goaf allowing possible re-caving
into the lower panels after undermining.
To be able to model rock failure (Req. a), loading history and stress depen-
dent behaviour of rock mass need to be considered in the material model.
Also post failure behaviour of the rock needs to be implemented into the ma-
terial model so that the response of the caved material to loading/unloading
associated with the second mining activity can be correctly predicted (Req.
c). On the other hand, considering a mechanism to transfer the overbur-
den load to interburden layers after caving (Req. b) is of high importance.
This extra load, which acts like dead load on the interburden layers is an
important contributor to the equilibrated stress distribution after the first
mining activity that would usually cause the interburden layers to deform
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and cave after extraction of a lower longwall panel. Only by simultaneous
consideration of all of these conditions could a numerical model result in
accurate simulation of strata response and ground surface subsidence due to
multi-seam longwall extraction.
The difference between modelling multi-seam induced subsidence with
multi-seam induced stress distribution needs to be emphasised here. Mod-
elling the stress distribution around multi-seam panels and stability analysis
do not require consideration of failure and large deformations in the strata.
Assessing stability of the system and the induced stresses on a previously
existing underground space or a to-be-extracted area can be done by stress
analysis, without taking into account the detailed caving process (e.g. Zipf
2005; Suchowerska et al. 2013, 2014b). Failure of rock mass and the inter-
action of the failed zones at different times do not necessarily need to be
considered in these problems. Whereas these factors must be addressed in
the multi-seam subsidence problem and the strata deformation needs to be
modelled from the mining level to the ground surface.
5.4 Previous works on numerical modelling of
multi-seam mining-induced subsidence
Despite many examples of single seam subsidence, there are only a few ex-
amples of numerical modelling of multi-seam subsidence in the literature. In
fact, the only published works with reasonable details on numerical simula-
tion of multi-seam subsidence is limited to the works of Suchowerska (2014);
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Suchowerska et al. (2014a, 2015); Adhikary et al. (2015); Khanal et al. (2015).
Suchowerska (2014) and Suchowerska et al. (2015) modelled multi-seam
subsidence using various material models, such as elastic layered material,
strain-hardening and elastic transversely isotropic material. They suggested
using of an equivalent strain-stiffening goaf material to replace the caved
material above longwall panels. They calculated the height of the caved area
using an empirical equation based on a buckling factor suggested by Salamon
(1990). After sagging of overburden layers, the strain-stiffening goaf material
would be able to transfer the load from the overlying deformed strata to the
interburden and thus satisfying Req. b.
Suchowerska (2014) also compared FEM simulation results of a number of
material models and model configurations for a multi-seam subsidence case
in Australia. She concluded that a more sophisticated material model would
not necessarily result in more accurate subsidence predictions. Instead, it
was shown that using closely bedded isotropic elastic material would result
in more realistic predictions of multi-seam subsidence than continuum trans-
versely isotropic and continuum elastic-plastic strain-softening material. It
can be concluded from her results and discussions that in subsidence mod-
elling, considering material anisotropy is more critical than material plastic-
ity.
However, Suchowerska et al. (2015), using the same methodology as Su-
chowerska (2014), noted that in their proposed material models, the extra
overburden compaction after the lower extraction, which has been reported
in multi-seam subsidence cases, cannot be simulated due to purely elastic be-
haviour of the rock mass. Although, the use of strain-stiffening material to
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replace the goaf material would sufficiently transmit the loads generated by
the overburden deflection to the interburden thickness, this material model
would not be able to simulate possible re-caving of the goaf material and/or
newly caved zones above the upper panels after the lower extraction which
results in further settlement of the overburden layers. In other words, Req.
c is not satisfied in this model.
In addition, in this method, the height of the caved zone needs to be calcu-
lated based on an empirical equation and suitable strain-stiffening properties
need to be assigned for the goaf material. The assumed caving height and
material properties should then be adjusted for a multi-seam case to repre-
sent the additional deflection of the goaf above the first mining activity. The
empirical nature of this process imposes further limitation to this method.
Khanal et al. (2015) and Adhikary et al. (2015) have reported results of
multi-seam subsidence simulation using a FEM code developed at CSIRO
called COSFLOW. COSFLOW is a “finite element coupled stress deforma-
tion and two phase fluid flow” code (Khanal et al., 2015). In their ap-
proach, bedding surfaces and joints are implicitly modelled by incorporating
a smeared material approach (reduced strength material) based on Cosserat
theory (Khanal et al., 2015; Adhikary and Dyskin, 1997). In other words,
the stress-strain formulation of the material is chosen to represent the effects
of interfaces in the material behaviour. COSFLOW also provides the ability
to define the bedding rigidity for individual layers (Khanal et al., 2015).
Khanal et al. (2015) in their model considered an elastic-perfectly plastic
Mohr-Coulomb model to represent the rock blocks and studied the effects
of mining configuration on subsidence and stress distribution around multi-
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seam longwall workings. Adhikary et al. (2015) used a similar model to
Khanal et al. (2015) and compared the results of 3D and 2D modelling of
a multi-seam subsidence case study. They reported reasonable prediction of
enhanced multi-seam subsidence above two mining horizons with different
mining configurations, although their numerical model could not be verified
with observational data as the longwall panels were yet to be extracted.
In their reports, Khanal et al. (2015) and Adhikary et al. (2015) did not
refer to transferring the weight of the goaf to the lower layers and hence
Req. b seems to be ignored in their model. Also, by implementing an elastic-
perfectly plastic material model, the post-failure behaviour of the goaf cannot
be simulated accurately and Req. c cannot be satisfied. Further to this, the
smeared material approach along with the Mohr-Coulomb elastic-perfectly
plastic model may fail to accurately simulate overburden stratification. De-
spite all of these deficiencies, however, their approach can be considered
reasonable for relatively deep excavations as explained below.
Adhikary et al. (2015) considered a relatively deep mining case with lower
extraction thickness of between 1.8 m and 3.1 m at depths of between 350 m
and 450 m. They introduced the horizontal in-situ stress coefficients of 1.1
and 1.3 for minor and major horizontal stresses based on field measurements.
As Brady and Brown (2005) mentioned, extraction of deep tabular deposits
results in small area of fracture propagation or plastic deformation of the rock
mass around the extracted panel. In this case, it may be sufficient to assume
that the strata deform elastically to achieve a reasonable approximation of
the strata deformation (Brady and Brown, 2005). Small thickness of the
extracted panel in comparison with the overlying strata thickness might be
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a reason that an elastic-perfectly plastic model, such as Khanal et al. (2015)
and Adhikary et al. (2015), could achieve reasonable predictions. In relatively
shallow extractions with gravity-generated in-situ stress conditions, however,
explicit consideration of material deterioration and softening (Req. c) is of
great importance.
Based on this discussion, the previously proposed numerical models do
not satisfy all the essential requirements of multi-seam subsidence modelling
in stratified rock formations. In the following sections, an easy to use method-
ology is introduced that can meet all of these fundamental requirements. De-
spite its simplicity, due to meeting all the noted requirements, this method
achieves reasonable predictions of multi-seam subsidence characteristics and
proves to be a robust method in evaluating the multi-seam subsidence in
different mining configurations.
5.5 Proposed robust numerical modelling of multi-
seam subsidence
5.5.1 Modelling in-situ stress and underground excavations
An underground excavation can be modelled by FEM in two steps. First the
opening elements are deleted and fixed boundary conditions are applied on
the opening boundary. Loads (using initial conditions or gravity) are then
applied until the geostatic equilibrium is achieved. At this stage, the elements
are deformed and the in-situ state of stress is achieved, which represents the
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stress state before excavation. In the second step, fixed boundary conditions
on the excavation boundaries are removed, allowing the surrounding material
to deform (Nguyen et al., 2015). Figure 5.2 illustrates the second (excavation)
step.
U0 = 0
p0= 0
R0=100%
Ui 
Ri=50%
pi= 0.5 Un = 100%
Rn=0
pn= 1
Figure 5.2: FEM modelling of incremental extraction of an underground
opening.
To be able to perform a general non-linear analysis in the excavation
step, the solution needs to be divided into a number of increments. The
incremental completion of the excavation step can be quantified by a variable
p, referred to herein as the excavation indicator. p = 0 marks the start of
excavation step and p = 1 represents the completion of this step.
Let us denote by pi the excavation indicator at increment i, i ∈ {0, 1, . . . , n}
where n is the number of increments needed to solve the nonlinear excava-
tion step. p0 = 0 and pn = 1 but pi and i have no direct relationship
between them. At the beginning of the excavation step (p0 = 0) the in-
situ and reaction forces on the boundary of a to-be-extracted section of the
ground are at equilibrium. These reaction forces are denoted by R. The
excavation step involves eliminating the reaction forces R on the boundary
of the opening. If we denote the reaction forces active at increment pi by Ri,
we have Ri = R(1 − pi). By gradually reducing the reaction forces on the
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opening surface the surrounding ground deforms. In the end, by removing
all of the reaction forces on the opening surface (Rn = 0), deformations in
the surrounding ground reach their final stage and a new balance in stress
distribution is achieved (pn = 1, see Figure 5.2).
Ui can be defined as the displacement vector at a specific point in the
problem’s domain at the increment i, in a linear problem, as a result:
Ui − U0
Un − U0 = pi = 1−
Ri
R
, i = 0, 1, . . . , n, (5.1)
for all points in the domain and all increments (Figure 5.2).
5.5.2 Material model
Rock masses, in most cases, show strain-softening behaviour after yielding.
This means that the load carrying ability of the rock mass reduces after
reaching a peak in the stress-strain curve identifying material failure (Fig-
ure 5.3). As the failed rocks freely fall from the roof during caving, to be able
to correctly simulate the movement of the caved material, it can be assumed
that the stresses after failure are suddenly dropped to almost zero. After this
point, it can be assumed that any increase in strain in the failed material
would not result in significant stress changes.
A failure criterion needs to be adopted to identify the point of failure.
Here the Mohr-Coulomb failure criterion can be utilised but the proposed
approach is not dependent on this choice. Based on Mohr-Coulomb failure
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Caving failure
σu
Yield point
σ
ε
Strain-softening
failure
Failed material
Elastic material
Figure 5.3: Stress-strain relationship of rock mass.
criterion, a material yields once the following condition is met
f(σ) = (σ1 − σ3)− (σ1 + σ3) sinφ− 2c cosφ = 0;
σ1 ≥ σ2 ≥ σ3, (5.2)
where σ1 is the major principal stress, σ3 is the minor principal stress, φ
is the angle of friction and c is the cohesion. After reaching this condition
(f = 0), the material fails and its properties should be updated to that of
the damaged material. To be able to model the caving process of the rock
strata, the damaged material properties should represent a behaviour similar
to the dashed line in Figure 5.3.
An assumption can be made that the elastic rock material behaves in
accordance with Hooke’s Law, E = σ
ε
, where E is the elastic modulus of
the material, σ is the stress and ε is the strain. Considering Hooke’s law,
the failed material can be modelled by decreasing the elastic modulus of
the damaged material. To explain this, consider a one dimensional problem.
When the stress at a point reaches the ultimate stress (σ = σu in Figure 5.4),
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the elastic modulus is decreased to Ed  Ee. At this point, based on Hooke’s
Law, at a constant axial strain, the axial stress is decreased proportionally to
the ratio of the two elastic moduli representing a strain softening behaviour.
By increasing the load on this point after the failure, the axial stress increases
with a smaller slope of Ed (Figure 5.4).
σu
Slope=Ed
Slope=Ee
Yield point
σ
ε
σd
Elastic material Elastic-damaged
material
Figure 5.4: Stress-strain relationship of rock mass by the damage model.
The magnitude of stresses before and after failure can be related to the
two elastic moduli in the following form
σd
σu
=
Ed
Ee
= D (5.3)
where Ee and Ed are the elastic moduli of the undamaged and damaged
material respectively, and σu and σd are the stresses just before and just
after failure. Based on this equation, if D is selected as a very small number,
the axial stress at a point after reaching yield stress drops to a negligible
amount approximating the dashed line in Figure 5.3. Increasing strain at
any time after this point would not result in significant increase in stress
(Figure 5.4).
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Equations 5.2 and 5.3 can satisfy Req. a and Req. c noted in Section 5.3.
However, Mohr-Coulomb failure criterion (Equation 5.2) usually results in
over-estimation of the actual tensile strength of the caved rock in comparison
with the field data, and thus, it may be used with caution. For completeness,
additional failure modes, such as uniaxial compressive failure, i.e. failure after
reaching the uniaxial compressive strength (σc =
2c cosφ
1−sinφ), and pure tensile
failure, i.e. tensile cut-off after reaching the tensile strength value, can be
implemented in the failure model. In the latter case, tensile strength value
can be considered as small as zero or equal to the uniaxial tensile strength,
which can be defined as σt =
2c cosφ
1+sinφ
. Nevertheless, Equation 5.2 serves the
purpose of this study and satisfies the minimum requirements explained in
Section 5.3. To satisfy Req. b, a simple explicit technique is used where
the roof and the bottom of the excavated panels are modelled as frictionless
contact surfaces. Hence the two surfaces will not interact with each other
until they come into contact whereby only compressive stress is transmitted
along the contact surface. This modelling technique together with the strain
softening model in Equation 5.3 ensures that the Req. b is also satisfied.
5.6 Implementing the damage model
The material behaviour is controlled using an external computer code which
is based on direct integration and uses ABAQUS as the finite element (FE)
engine. Here ABAQUS is used due to its capabilities for modelling contact
surfaces.
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To solve the non-linear excavation steps, an algorithm similar to the Euler
method of direct integration is followed. The aim is to approximate the non-
linear behaviour of the system by a series of linear increments. Simulation
can be started from p = 0 and p can be iteratively increased until reaching
p = 1. In each iteration the next value of p can be found such that the
behaviour of the system is sufficiently linear between the two values of p.
The benefit of this approach is its simplicity and the fact that the stresses
and/or forces do not need to be calculated at the end of each increment.
Compared to other methods like Newton-Raphson, the Euler method gen-
erally requires more increments, but the overall computational cost is not
necessarily higher than those methods as it does not require any additional
computations at each increment. It is also known that the Euler method
is prone to stability issues (see e.g. Zienkiewicz and Taylor 2006). In the
presented case studies (Section 5.7), however, given the relatively small zone
of failure compared to the domain size and the fact that all failed zones were
confined, no stability issues have been occurred. Nevertheless, one can adopt
a more sophisticated solution approach like the Newton-Raphson algorithm
with the same material modelling technique.
A general excavation increment, like i ≥ 1, starts with a linear elastic
finite element analysis at the excavation indicator pi−1 by removing all the
residual reaction forces (Ri−1) at once. The resulting stresses are sent to the
code where the yield function is evaluated at each node. The values of the
yield function are then calculated for each element by averaging node values.
The size of the load increment (∆pi) is then calculated such that the load
increment just triggers new element failures. The elastic moduli of newly
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failed elements are then updated (from Ee to Ed) and the model is sent back
to the FE engine assuming that the convergence up to the new excavation
indicator pi = pi−1 + ∆pi is achieved. The next increment then follows and
the procedure continues until pi = 1, i.e. the total removal of the reaction
forces.
The calculation of ∆pi is fairly straightforward. The yield function value
of element e at the start of the increment i can be denoted by f
〈0〉
e,i and at
the end of the linear analysis (after removal of Ri−1) by f
〈1〉
e,i . Then, noting
the linear nature of the analysis, for any intermediate value like 0 ≤ t ≤ 1
we have
f
〈t〉
e,i = f
〈0〉
e,i + t
(
f
〈1〉
e,i − f 〈0〉e,i
)
(5.4)
Using this equation, the value of ∆pi at which the first element fails can be
calculated from the following simple equation
∆pi = min
{
− f
〈0〉
e,i
f
〈1〉
e,i − f 〈0〉e,i
∣∣∣∣ f 〈0〉e,i < 0
}
(5.5)
Initial trials showed that using this method could result in a great number
of iterations and slow convergence. To reduce the computational cost, an
alternative method is to consider a user-defined minimum increment size ∆
and select the larger of ∆ and ∆pi calculated from Equation 5.5 to find
the value of pi, i.e. setting pi = pi−1 + max{∆pi,∆}. The size of ∆ has to
be chosen sufficiently small so that severe material deformation and mesh
distortion are avoided and the solution converges. Trial and error can be
utilised in order to choose a suitable size for ∆. The flowchart of this method
is depicted in Figure 5.5.
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Figure 5.5: Steps needed to implement the damage model in the FEM anal-
ysis to simulate each excavation.
Figure 5.6 shows an example of the variation of the failure zone around a
symmetric longwall panel captured using the proposed procedure with user-
defined increments. It can be seen that the shape of the failure propagation
changes at different increments (Figure 5.6b to e). These failed zones can
be compared with the results obtained using only one increment, where the
failed area is calculated at the end of the elastic FE analysis using the same
values of c and φ (Figure 5.6a). This example illustrates the importance of
using small increment sizes to capture the nonlinear behaviour of the system.
The caved zone above an extracted longwall panel, as shown in Fig-
ure 5.1b, is formed by failure propagation in the rock mass after extracting
the longwall panel and large displacement (falling) of the roof layers towards
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the extracted area. In Figure 5.6e, for instance, the caved zone can be con-
sidered as the largely displaced area above the extracted panel that fills the
void. Identifying this caved zone is of great importance in stability analysis
and risk assessment. However, a realistic numerical subsidence model can be
achieved by incorporating the behaviour of the caved rock, as explained in
this Section, without explicit identification of the caved zone.
Expected failure zone
at p=1, no damage
(a)
p=0.85 
(b)
p=0.9
(c)
p=0.95
(d)
p=1
(e)
Figure 5.6: Distribution of the yielded points after a single increment (a),
and distribution of the yielded points at different time increments using the
damage model (b to e).
5.7 Case studies
Mining configurations
The proposed numerical modelling approach has been utilised to model three
multi-seam mining configurations as stacked, staggered with thin interburden
and staggered under chain pillar with thick interburden (Figure 5.7). These
configurations are similar in size and positioning of the panels to the physical
models presented in Chapter 4, using similarity constant of CL = 226. Panel
dimensions for each model are noted in Table 5.1.
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Stacked configuration
Upper panel
Lower panel
Overlapping area
Upper panel
Lower panel
Staggered configuration with thin interburden
Upper panel end Overlappingarea Lower panel end
Lower panel
Staggered configuration under chain pillars
Overlappingarea OverlappingareaChain pillararea
Outer end of upper panel Outer end of upper panel
Upper panel No.1 Upper panel No.2
(a) (b) (c)
Figure 5.7: Various multi-seam mining configurations used for numerical
modelling.
Table 5.1: Model dimensions for the two mining configurations.
Mining Panel Overburden Interburden Extraction Layer
configuration width thickness thickness height thickness
Stacked 160 m 90 m 25 m 4 m 5 m
Staggereda 160 m 90 m 25 m 4 m 5 m
Staggeredb
uppers:116 m
Lower:160 m
70 m 45 m 4 m 5 m
a with thin interburden under a single panel, b with thick interburden under two panels
and chain pillars - pillar width= 44 m.
Modelling stratified formation
In these case studies, a stratified rock formation is modelled by introducing
a number of evenly spaced bedding planes. Bedding planes are modelled
as cohessionless and frictionless surfaces (with the so called “hard contacts”
feature in ABAQUS). This allows separation of the interfaces when the nor-
mal stress on the interaction surface turns negative and free sliding with no
resistance to shear stresses on the bedding surfaces (Figure 5.8). Including
bedding surfaces and jointed material that allow bedding separations and
transmit shear stress in the FE analysis increases the degree of freedom of
the problem and in some cases causes convergence problem. Idealised cohes-
sionless and frictionless surfaces are considered to avoid convergence problem.
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Contact pressure
Clearance
Any pressure possible 
when in contact
No pressure when no contact
Figure 5.8: Hard contact pressure-overclosure formulation in ABAQUS
(adapted from ABAQUS 2010).
In-situ stresss and plane strain condition
In-situ stress condition and extraction procedure are modelled by applying
the same procedure explained in Section 5.5.1. It is assumed that the longwall
panels are long enough that the effects of the start and end of the longwall
panels can be neglected and a representative section of the panels can be
modelled in plane strain condition.
Material strength properties
The strength parameters of the material used in three models are shown
in Table 5.2. Intact rock’s elastic properties (E and ν) were adopted for
the rock blocks between the bedding surfaces as the bedding planes are ex-
plicitly considered. In the damage mode, Mohr-Coloumb parameters (c, φ
and D) were calibrated with respect to the stacked configuration results to
achieve similar magnitude of maximum subsidence to the physical modelling
results. The calibrated parameters (Table 5.2) are then used for the other
two configurations.
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Table 5.2: Material properties used for different models.
Model Ee ν γ c φ D
(GPa) (kg/m3) (MPa) (◦) (%)
Layered - damage
model
12 0.35 2700 6.5 33 0.5
5.8 Numerical modelling results
In the following sections, the numerical modelling results of different mining
configurations are compared to the physical modelling results. The com-
parisons are made by investigating the correlation between the multi-seam
mining configuration and different subsidence and strata movement parame-
ters after the lower panel extraction, instead of comparing explicit subsidence
parameters.
5.8.1 Shape of the subsidence profile
The shape of the subsidence profile from the numerical and physical mod-
elling results can be compared by using the normalised magnitude of the
subsidence (Figures 5.9). Normalised values of subsidence help taking out
the effect of changing magnitude of the subsidence in different physical mod-
els as a result of environmental factors.
It can be seen that the numerical simulation results in similar subsidence
profiles when compared with the physical modelling results. The location of
the maximum subsidence values in all three models are the same as the phys-
ical modelling results. However, it can be seen that the numerical modelling
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Figure 5.9: Normalised subsidence profiles from numerical and physical mod-
elling of various mining configurations.
generally results in a smoother subsidence profile over the edges of the lower
panel. This is a result of using frictionless bedding planes, which affects the
shear stress transmission between rock layers. This process also affects the
angle of break propagation and is further explained later in Section 5.8.3.
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5.8.2 Strata movement profile
Figures 5.10 to 5.12 illustrate the vertical strata movement pattern. Compar-
ison between these Figures and the DIC monitoring results from the physical
modelling shows a close agreement among the results. It should be noted
that in these figures the vertical movement dimension in physical modelling
results can be converted to field equivalent by using a similarity constant of
CL = 226. It can be seen that both modelling techniques result in similar
pattern of vertical strata movement. The maximum strata movement in all
the models also occurs above the overlapping parts of the two panels, which
is similar to the physical modelling observation.
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Figure 5.10: Strata movement profile for stacked configuration (Figure 5.7a)
as a result of (a) physical and (b) numerical modelling.
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Figure 5.11: Strata movement profile for staggered configuration with thin
interburden (Figure 5.7b) as a result of (a) physical and (b) numerical mod-
elling.
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Figure 5.12: Strata movement profile for staggered configuration under chain
pillars with thick interburden (Figure 5.7c) as a result of (a) physical and
(b) numerical modelling.
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5.8.3 Crack propagation pattern
Numerical modelling results, predominantly shows a wider angle of break in
comparison with the physical modelling results. This is because using fric-
tionless bedding planes, which allow slippage, could change the shear stress
transmission between simulated rock layers. This predominantly results in
wider angle of failure propagation compared to interlocking layers, which
also affect the subsidence pattern above the edges of the lower extractions.
However, the assumption of frictionless interfaces is necessary in order to
reach convergence in numerical models with many bedding planes. Applying
friction on the bedding planes increases the instability of the finite element
solution by adding extra degrees of freedom to the problem, which would
lead to lack of convergence.
In the stacked model (Figures 5.13), fractures propagate between the
edges of the two panels almost vertically, connecting edges of the two panels.
This process was also observed in the physical modelling, which resulted in
almost zero angle of break.
Numerical modelling of the staggered configuration with thin interbur-
den also shows similar result to the physical modelling of this configuration
(Figure 5.14). This model illustrates failure propagation above the upper
panel end, in the interburden area and at the lower panel end (Figure 5.14b).
Areas of failure in the interburden area between two panels and under the
inner edge of the upper panel can also be observed.
Staggered configuration with thick interburden, similar to the other two
configurations, indicates similar fracture propagation patter around the edges
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(a) (b)
(c) (d)
Figure 5.13: Crack propagation pattern for stacked configuration resulted
from (a,b) numerical modelling and (c,d) physical modelling.
of the extracted panels in comparison with the physical modelling results
(Figure 5.15). It can be seen that after the lower panel extraction fractures
above the inner edges of the upper panels are mostly untouched, while these
fractures at the outer edges of these panels propagate further towards the
ground surface. In addition, lower panel extraction results in fracture prop-
agation from the edges of this panel towards the upper panels’ floor through
the interburden layers. This crack propagation pattern was also observed in
the physical modelling results (Figure 5.15d).
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(a)
(b)
(c)
(d)
Figure 5.14: Crack propagation pattern for staggered configuration with thin
interburden resulted from (a,b) numerical modelling and (c,d) physical mod-
elling.
5.8.4 Angle of draw
The numerical simulations resulted in angles of draw (taking 20 mm as the
limit of subsidence) as noted in Table 5.3 for various models. This angle
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(a) (b)
(c) (d)
Figure 5.15: Crack propagation pattern for staggered configuration under
chain pillars with thick interburden resulted from (a,b) numerical modelling
and (c,d) physical modelling.
was similar for the two edges of the upper panels. On the other hand, after
the lower panel extraction, the angle of draw varies on different edges of the
lower panel in various mining configurations. The changes in angle of draw
after the lower extraction in different models can be summarised as:
• In the stacked configuration, the angle of draw is the same on both
edges of the lower panel and is increased compare to the upper panel;
• In the staggered configuration with thin interburden, the angle of draw
is different on the two edges of the lower panel. This angle is wider
at the overlapping area (left edge) and tighter at the lower panel end
(right edge) in comparison with the upper panel; and
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Table 5.3: Angle of draw for different mining configurations resulted from
numerical models.
Numerical Upper panel Lower panel
models both edges left edge right edge
Stacked ≈ 14.2◦ 23.6◦ 23.6◦
Staggereda ≈ 14.6◦ 43.3◦ 20.95◦
Staggeredb ≈ 15.9◦ 35.5◦ 35.5◦
a with thin interburden under a single panel, b with thick interburden under two panels
and chain pillars
Table 5.4: Angle of draw for different mining configurations resulted from
physical models.
Physical Upper panel Lower panel
models both edges left edge right edge
Stacked ≈ 22◦ 25◦ 25◦
Staggereda ≈ 18◦ 33◦ 8◦
Staggeredb ≈ 24◦ 27◦ 26◦
a with thin interburden under a single panel, b with thick interburden under two panels
and chain pillars
• In the staggered configuration with thick interburden, the angle of draw
is the same on the two edges of the lower panel and is increased in
comparison with the upper panel extraction.
These results show similar correlation between the angle of draw after
the lower panel extraction and the positioning of the panels as the physical
modelling results for various configurations (Chapter 4).
5.8.5 Magnitude of the subsidence
One of the advantages of the numerical modelling over the physical modelling
is that the site specific variables such as material strength properties can be
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easily kept constant in different models. This ability makes it possible to
compare variations of magnitude of maximum multi-seam subsidence as a
result of various mining configurations, which was difficult to investigate via
physical modelling techniques.
Investigating the magnitude of the maximum subsidence in various nu-
merical models illustrate that this parameters changes significantly as a result
of changing mining configurations (Figure 5.16). The stacked configuration
resulted in the greatest magnitude of maximum subsidence, followed by the
staggered configuration with thin interburden layers. The staggered con-
figuration under chain pillars with thick interburden illustrated the lowest
magnitude of maximum subsidence in comparison with the other models.
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Figure 5.16: Subsidence magnitude for different mining configurations by
numerical modelling.
These results show that the maximum subsidence for the fully overlap-
ping panels (stacked configuration, Figure 5.7a) is greater than the partially
overlapping panels (asymmetric staggered configuration, Figure 5.7b) with
the same interburden thickness (Table 5.5). This is because that extraction
of the lower panel under a large width of the upper panel (stacked configu-
ration) re-activates strata movement in a larger area in the previously caved
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Table 5.5: Subsidence factor and maximum subsidence magnitude for differ-
ent mining configurations as a result of numerical modelling.
Mining Total subsidence factor
configuration (SFT = Smax/T )
Stacked 77.1 % (6.17 m/8 m)
Staggereda 70 % (5.61 m/8 m)
Staggeredb 56.2 % (4.49 m/8 m)
a with thin interburden under a single panel, b with thick interburden under two panels
and chain pillars
and disturbed area. This movement leads to closure of the bedding planes
and fractures in these areas, which eventually creates an enhanced magni-
tude of subsidence factor. The shorter this overlapping width is, the smaller
the influence of the lower panel is on the previously disturbed strata.
The effect of interburden thickness on the magnitude of the subsidence
can also be investigated by comparing the maximum subsidence magnitude
(or SFT ) of the staggered configurations with thin and thick interburden
(Figure 5.16 and Table 5.5). It can be seen that with increasing the inter-
burden thickness, the magnitude of the maximum subsidence is significantly
decreased. This is because that an increased interburden thickness reduces
the effects of the lower extraction on the previously disturbed area above the
extracted upper panels, which results in reduced magnitude of subsidence
in comparison with the staggered configuration with relatively thin inter-
burden. However, it should be mentioned that the reduced length of the
overlapping area as a result of presence of chain pillars in the staggered con-
figuration with thick interburden also can potentially reduce the magnitude
of maximum subsidence.
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5.9 Robustness of the numerical model
It is crucial for a multi-seam subsidence numerical modelling approach to
be a robust model, i.e. to be independent of the mining conguration and
able to predict the enhanced strata movement and subsidence magnitude
due to multi-seam mining. In this section, the robustness of the proposed
numerical modelling approach (Section 5.6) is compared with two other FE-
based numerical modelling approaches. For this purpose, three numerical
modelling approaches are employed as follow:
Model (i) Thin layered material incorporating the proposed damage model;
Model (ii) Continuum material incorporating the proposed damage model;
Model (iii) Thin layered material with linear elastic material.
In these models, Model (i) is the proposed approach in this chapter,
Model (ii) is the smeared material approach, in which the material is assumed
to be continuum with reduced properties of the rock mass to compensate
for presence of bedding planes and joints in the strata, and Model (iii) is
the approach which Suchowerska (2014) suggested as a reasonably reliable
modelling approach for multi-seam subsidence prediction. Mohr-coloumb
material properties for the proposed damage model are the same in Models (i)
and (ii) and are noted in Table 5.6 along with other material properties for
all three models.
To demonstrate the robustness of these models, two mining configurations
as stacked and staggered configurations with thin interburden are utilised
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Table 5.6: Material properties used for different models.
Material model Ee ν γ c φ D
(GPa) (kg/m3) (MPa) (◦) (%)
(i) Layered damage model 12 0.35 2700 6.5 33 0.5
(ii) Continuum damage
model
1.1 0.35 2700 2 33 0.5
(iii) Layered linear elastic
material
12 0.35 2700 - - -
(Figure 5.7a and b). Panel dimensions of these models are the same as the
models noted in Table 5.1. Ground surface subsidence and vertical strata
movement pattern from these models are compared in the following section
in order to evaluate the robustness of each modelling approach.
5.9.1 Stacked configuration
Investigating the ground surface subsidence of the stacked mining configu-
ration (Figure 5.17) shows significant difference in the output of the three
modelling approaches. Continuum and elastic layered material models (Mod-
els ii and iii) predict a significantly lower magnitude of subsidence than the
damaged layered material model (Model i).
The continuum material model predicts a shallow and wide subsidence
curve as the material in this case is simulated with a single thick layer (Fig-
ure 5.17). Having layered material decreases the flexural stiffness of the
strata and results in greater magnitude of subsidence (Su, 1991). Despite
using layered elastic material in Model (iii), this model fails to transmit the
stresses resulted from the deflection of the overburden layers to the floor
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Figure 5.17: Ground surface subsidence curves for stacked configuration for
different models after the upper and lower panel extractions.
of the extracted upper panel (Req. b in Section 5.3). Layers in this model
deflect and bridge over the excavated area (Figure 5.18c). Thus, extracting
the lower layer does not impose significant changes on the ground surface
subsidence profile. As is clear in Figure 5.17, in Model (iii), the subsidence
after extraction of the upper panel is similar to the final subsidence after
extraction of both panels.
Incorporating the damage material model in the layered model (Model i)
can successfully overcome this problem. Overburden layers after extracting
the upper extraction fall into the extracted panel and transmit the weight of
the goaf resulted from the first mining activity to the floor of the extracted
panel, thus satisfying Req. b (Figure 5.18a). By extracting the lower panel in
this model, interburden layers deflect under their own weight and the stresses
applied from the caved layers above the upper extracted panel and eventually
cave into the lower panel. The previously damaged overburden layers (goaf
resulted from the first excavation) at this stage do not possess the ability to
bridge over the extracted area, hence, they deform subsequently after caving
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of the interburden layers (Req. c). This process leads to significant increase
in the magnitude of the ground surface subsidence in this case (Figure 5.17).
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Figure 5.18: Vertical substrata deformation pattern of stacked configuration
for Model i (a), Model ii (b) and Model iii (c) after the lower panel extraction.
5.9.2 Staggered configuration with thin interburden
In comparison with the stacked configuration results, the ground subsidence
curve for the staggered configuration shows less contrast between results of
Models (i) and (iii) (Figure 5.19). This is because the total area of longwall
extraction (combined upper and lower panel width) in the staggered config-
uration is much larger than the stacked configuration, thus, elastic layers in
Model (iii), unlike in the stacked configuration, would not be able to bridge
over the extracted parts (Figure 5.20c). Hence, the weight of overburden is
transferred to the lower layers. In addition, the total ground movement above
the multi-seam panels and interburden layers in the staggered configuration
is less dependent on the weight of the previously caved layers on the floor
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of the upper panel. This is because of the presence of higher in-situ stress
concentration above the roof of the lower panel as half of the lower panel
area is under the weight of the overburden layers, which causes deflection of
the strata after extracting the lower panel.
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Figure 5.19: Ground surface subsidence curves for staggered configuration
for different models after the upper and lower panel extractions.
Figure 5.19 indicates that Model (i) results in slightly greater magni-
tude of subsidence than Model (iii) as a result of using damage model. The
continuum approach, on the other hand, under-predicts the magnitude of
subsidence. However, this model illustrates a more significant increase in
the magnitude of subsidence after extracting the lower panel compare to the
stacked configuration.
Based on the discussion above, Model (i), in which all of the aforemen-
tioned essential modelling requirements (Req. a-c) are satisfied, results in
reliable multi-seam subsidence prediction for various mining configurations.
On the other hand, reliability of other modelling approaches depends signif-
icantly on the multi-seam mining configuration. Thus, Model (i) is a robust
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Figure 5.20: Vertical substrata deformation pattern of staggered configura-
tion for Model i (a), Model ii (b), and Model iii (c) after the lower panel
extraction.
method for numerical simulation of multi-seam subsidence due to various
mining configurations compared to the other two discussed solutions.
5.10 Summary
Numerical modelling techniques were adapted in this chapter to model three
multi-seam mining configurations, which were modelled via physical mod-
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elling techniques. The essential components of a robust numerical model
were discussed in detail. On this basis, a robust numerical model should be
able to:
• Reasonably simulate the rock failure and caving process;
• Transfer the weight of caved material to the lower rock layers; and
• Assign negligible strength to the goaf, which allows for possible re-
caving of the material into the lower panels after undermining.
A simple numerical modelling approach was suggested based on FE mod-
elling techniques that can meet all the essential requirements of numerical
simulation of multi-seam subsidence. The numerical modelling results using
the proposed approach were then compared with the physical modelling re-
sults (Chapter 4). It was observed that the general trend that the subsidence
parameters and strata movement characteristics change after the lower ex-
traction in all the modelled mining configurations are similar to what was
observed in physical models.
In addition, the numerical modelling was employed to investigate the
effects of mining configuration on the magnitude of multi-seam subsidence,
which was difficult to investigate via physical modelling. The numerical
results illustrated that a larger area of overlapping of the two panels in the
two seams results in a greater subsidence magnitude. It was also observed
that the increased thickness of the interburden reduces the magnitude of the
multi-seam subsidence significantly.
To evaluate the robustness of the proposed numerical modelling approach,
two other approaches were employed and the results were compared on two
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multi-seam mining configurations. The results showed that only the pro-
posed modelling approach, which meets the three requirements of numerical
modelling of multi-seam subsidence, was able to successfully model the multi-
seam subsidence as a result of various mining configurations.
The numerical modelling results in this chapter demonstrated that the
numerical modelling can be a supplement to the physical modelling for inves-
tigating strata movement and subsidence characteristics due to multi-seam
mining. In addition, numerical modelling techniques provide more flexibility
in defining material properties, failure mode and change in mining configu-
rations in comparison with physical modelling techniques.
The results presented in this chapter using the numerical modelling tech-
niques will be utilised for characterisation of the multi-seam subsidence in
Chapter 7. In the next chapter, factual subsidence observations are analysed
for a multi-seam mine case study in Australia.
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C H A P T E R 6
Multi-seam subsidence
observations and analysis
6.1 Introduction
Physical and numerical modelling techniques discussed in the previous Chap-
ters demonstrated the underlying ground movement mechanism due to multi-
seam longwall mining, which leads to occurrence of the subsidence. In this
chapter, factual data analysis is employed in order to investigate charac-
teristics of the multi-seam subsidence as observed in a multi-seam mine in
Australia. In this case study, arrangement of the longwall panels in the two
mining seams creates various mining configurations on a number of sections
along the surface survey lines across the mine area. This variety of mining
configurations enables investigating multi-seam subsidence parameters due
to different configurations and cross comparing them in order to understand
the characteristics of the multi-seam subsidence. In the following Sections,
incremental multi-seam subsidence profiles as measured on different sections
of the mine are analysed and compared with each other in order to investigate
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the effect of multi-seam mining configuration on the subsidence. For this pur-
pose, different subsidence parameters, such as incremental subsidence factor,
shape of the subsidence profile, tilt, location and magnitude of the maximum
subsidence, angle of draw and effects of the interburden thickness are con-
sidered. In addition, in the following Sections, where appropriate, physical
and numerical modelling results are compared with the factual subsidence
observations.
6.2 Blakefield South Mine
Subsidence observations at Blakefield South Mine in New South Wales, Aus-
trala have been used for investigating the multi-seam subsidence character-
istics. Longwalls in the Blakefield Seam have been mined beneath the pre-
viously extracted longwalls in Whybrow Seam by Bulga Coal Management
Pty Ltd (MSEC, 2015). Whybrow seam longwalls were mined between 1994
and 2001, resulting in approximately total of 30 million tonnes of removed
coal (Suchowerska, 2014). Extraction of Blakefield Seam longwalls was then
commenced on 18 June 2010 (MSEC, 2012b) starting from BSLW1 long-
wall. Subsequently, BSLW2, BSLW3 and BSLW4 were extracted by 22 Dec
2014 (MSEC, 2015). BSLW5 was also extracted at the time this study was
conducted but its respective subsidence data were not released, thus, it was
excluded from this part of analysis.
Detailed geological and technical information about the Blakefield South
Mine have been accessed via reports available online and also from Suchow-
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Figure 6.1: Schematic map of Sydney Basin’s coalfields (adapted from Holla
and Barclay (2000)).
erska (2014). In summary, the Blakefield South Mine is located in the Hunter
Coalfields, where Whybrow and Blakefield Seams appear in the Jerry Plains
Subgroup of the Wittigham Coal Measures. The strata at the Blakefield
South Mine site contain frequently bedded sandstones and siltstones as a
part of the Sydney Basin (Figure 6.1). Local thin layers (less than 10 m) of
conglomerate and tuff also exist in the mining area.
Surface topography of the mine site is mostly flat to undulating. Strength
of the overburden layers (UCS) is approximately 30−40 MPa near the surface
and inter-bedded sandstones with strength of 50−80 MPa at greater depths.
The interburden rock layers consist of inter-bedded weak to moderate rock
with UCS ≈ 20− 50 MPa (Suchowerska, 2014).
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Table 6.1: Blakefield Seam panels technical specifications (all the dimensions
are in metres).
Panel
names
Panel
width
Seam
thickness
Depth
of cover
Whybrow
Thickness
Whybrow
depth of cover
Interburden
thickness
BSLW1 330 2.2-3.6 130-220 - - 70-100
BSLW2 410 2.6-3.5 150-240 2.2-2.5 50-150 75-90
BSLW3 410 2.75-3.05 170-270 2.2-2.6 75-170 70-95
BSLW4 410 2.9-3.15 195-250 2.2-2.6 105-165 70-95
Depth of cover of the Whybrow seam at the mine site varies from 40 m
to 350 m. The Blakefield Seam has a depth of cover between 130 m and
330 m (Figure 6.2) and is approximately 70 m to 100 m below the Whybrow
Seam (Figure 6.4). The Whybrow Seam has thickness of 2.0 m to 2.7 m
and the thickness of the Blakefield Seam varies between 2.2 m and 3.65 m
(Xtrata Coal 2015, see Figure 6.3). Contour plots of the interburden thick-
ness and arrangement of the panels in the two seams at Blakefield South
Mine are shown in Figure 6.4. Table 6.1 also summarises the dimensions of
Blakefield Seam’s panels.
There were 17 survey lines in total measuring the subsidence during the
Blakefield Seam extractions and 12 lines for the Whybrow Seam (Figure 6.5).
The subsidence along Charlton Road was measured in similar locations dur-
ing mining of the Whybrow and Blakefield Seams. The remaining monitoring
lines for the Whybrow Seam extraction were in different locations than those
for the Blakefield Seam extraction. This makes it difficult to compare the
single and multi-seam subsidence profiles at the same locations. However,
common subsidence factors of multi-seam extractions can be compared with
the measured single-seam parameters at specific locations.
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BLAKEFIELD
SOUTH
Extracted longwalls in BLAKEFIELD SEAM
Future longwalls in BLAKEFIELD SEAM
Longwalls mined in WHYBROW SEAM
Figure 6.2: Overburden thickness above Blakefield (lower) Seam at the Blake-
field South Mine (adapted from MSEC (2015)).
It should be noted that in the following Sections, multi-seam subsidence
refers to the incremental subsidence due to the extraction of Blakefield Seam
panels only, i.e. excluding the previous subsidence due to the Whybrow Seam,
unless stated otherwise.
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Figure 6.3: Blakefield (lower) Seam’s thickness at the Blakefield South Mine
(adapted from MSEC (2015)).
6.3 Whybrow Seam panels subsidence observa-
tions
The subsidence observations along XLA line (Figure 6.5) is presented here
as an example of single-seam subsidence. The subsidence profiles above all
panels on XLA survey line were quite similar and depicted subsidence magni-
tude of between 1.09 m and 1.29 m (Figure 6.6). This resulted in subsidence
factors of between 41 % and 48 % considering the seam thickness of each
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Figure 6.4: Interburden thickness between the Whybrow (upper) and Blake-
field (lower) Seams at the Blakefield South Mine (adapted from MSEC
(2015)).
longwall panel. Subsidence factors on other survey lines were also similar to
these values.
Considering 20 mm ground surface vertical deformation as the limit of
the subsidence, the angle of draw was measured on various survey lines and
is presented in Table 6.2. The single-seam angle of draw varied between
approximately 10◦ and 22◦ with an average value of 15.5◦.
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Table 6.2: Angle of draw from Whybrow Seam extractions on multiple survey
lines.
Survey
line
MLS-LW1 LWE1 XLB
XLA
(2D)
XLA
(2D)
XLA
(2D)
XLA
(2D)
XLA
(2D)
Panel LW1 LW-E1 LW1 LW1 LW1 LW2 LW3 LW4
Angle of
draw
10.1◦ 12.1◦ 12.8◦ 16.6◦ 9.6◦ 18.9◦ 21.6◦ 22.4◦
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Figure 6.6: XLA survey line subsidence measurements for Whybrow Seam
extractions.
6.4 Blakefield Seam panels subsidence observa-
tions
6.4.1 Incremental multi-seam subsidence factor
The maximum incremental subsidence factor (based on the average seam
thickness of Blakefield Seam) was observed to be between 83 % and 104 %
for the areas above extracted panels in both seams. The subsidence factor
of more than 100 % was restricted to local variations and elsewhere the
vertical subsidence was predominantly less than this value. The incremental
subsidence factor was less above the chain pillars in Whybrow Seam, where
it was undermined, at approximately 63 % to 81 % and even smaller above
the chain pillars of the Blakefield Seam, under previously extracted Whybrow
seam, at around 28 % (Table 6.3). In the areas where both panels overlapped,
higher magnitudes of the subsidence factor was measured (between 83 % and
104 %).
Subsidence factors in Table 6.3 illustrate that the magnitudes of subsi-
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Table 6.3: Subsidence factor at various locations after Blakefield Seam ex-
tractions
Longwall
panels
Undermining
Whybrow
chain pillars
Above Blakefield
chain pillars
Above both
panels
BSLW1 75 % (SBCP1 line) - 83 % to 96 %
BSLW2 63 % (Broke Rd) - 86 % to 96 %
BSLW3 81 % (Broke Rd) 28 % (MGC2CP) line 87 % to 104 %
BSLW4 72 % (Broke Rd) - 85 % to 96 %
dence are governed more by the locations of the chain pillars in the lower
seam than the chain pillars in the upper seam. In other words, after the first
seam is extracted the overburden strata becomes less deformation tolerant
and exhibits enhanced subsidence due to the repeated mining activity in the
second seam. This observation, similar to that described by Li et al. (2010),
suggests that the overburden strength characteristics becomes less significant
after the first mining activity.
These observations agree well with the physical modelling results in Chap-
ter 4, where magnitude of the multi-seam subsidence was observed to be dif-
ferent in various locations depending on the relative location of the panels in
the two mining seams. Also, it was observed that the presence of chain pillars
in an upper seam does not significantly affect the magnitude of multi-seam
subsidence (see Figure 4.26a), which correlates with the Blakefield Seam’s
subsidence measurements stated in Table 6.3.
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6.4.2 Incremental multi-seam subsidence profile shape
Incremental multi-seam subsidence observations on various survey lines are
presented in Appendix A along with their respective depth of cover. It can be
seen that the incremental multi-seam subsidence profile is evidently different
at different locations (see e.g. Figures 6.7 and 6.8). This profile varies in
accordance with the relative location of the panels in the two mining horizons,
i.e. mining configuration.
Also, values of tilt differ significantly at different locations (Figures 6.7
and 6.8). High and small tilt values respectively indicates steep or smooth
subsidence profiles. Investigating the tilt illustrates that the stacked edges
generally result in higher tilt adjacent to the edge of the extracted panel.
It can be seen that the stacked edge of BSWL1 panel under LW6 panel on
Charlton Road (Figure 6.7) creates a deep trough shape subsidence profile
within the area above the extracted panel. On the other hand, the staggered
edges create a smoother and wider subsidence profile and a relatively smaller
tilt over the edges of the lower panel in comparison with that of the stacked
edges. In general, the subsidence profile near the stacked edges in Figures 6.7
and 6.8 is more concentrated above the extracted lower panel in comparison
with the staggered edges. In addition, in locations where the upper panel is
fully undermined or the lower seam is extracted under the edges of the upper
panel, irregular subsidence profiles with localised maxima points above the
edges of the upper panels are observed (e.g. see subsidence above BSLW2, 3
and 4 panels on XL1 line in Figure 6.8).
These variations in the multi-seam subsidence profiles at different lo-
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Figure 6.8: XL1 line subsidence factor and tilt measurements for Blakefield
South panels.
cations can also be compared by overlaying subsidence factor values (SF )
versus the normalised distance from the middle of the respective extracted
panels (Figure 6.9). It can be seen that the staggered edges result in wider
and smoother profile compared with other locations (red line in Figure 6.9).
In cases where the lower panel extraction covers an area under the edge of
the upper panel and fully undermines the upper panels the subsidence pro-
file shows more irregularities (localised maxima points) compared with other
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locations (red line in Figure 6.9). In addition, Figure 6.9 illustrates that the
single-seam mining results in a shallower and smoother (trough shape) pro-
file in comparison with that of multi-seam subsidence in different locations
(compare the dashed line with other lines in Figure 6.9). Undermining of
upper panel chain pillars also results in a trough shape profile and slightly
increased subsidence factor in comparison with the single-seam subsidence
(blue line in Figure 6.9).
Physical modelling results in Chapter 4 also indicated similar differences
between the multi-seam subsidence resulted from various mining configura-
tions (see Figure 4.28a). It was observed that staggered edges result in wide
and smooth and stacked edges result in steep and concentrated subsidence
profiles above the lower panel’s edge.
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6.4.3 Location of localised maxima points
Subsidence observations indicate that fully undermined Whybrow panels and
some of the staggered configurations result in localised maxima points (lo-
calised increased subsidence) above certain overlapping areas of the two pan-
els in the two seams. These points predominantly occur in the vicinity of
the upper panels’ edges, only in cases where the lower panel is extended for
a distance (L0) under the edge of the upper panel. According to the subsi-
dence observations, in the majority of cases, if L0 covers a certain width of
the upper panel, a localised maxima point would be observed. If L0 ≈ 0,
i.e. stacked edges, there will be no localised maxima point above the upper
panel’s edges and if L0 ≈ W/2, i.e. middle of the lower panel under the edge
of the upper panel, greater subsidence factors and localised maxima points
would be observed.
This matter can be investigated by studying the correlation between the
relative location of the panels and occurrence of localised maxima points
(Figure 6.10). X values in Figure 6.10 are the normalised location of a survey
point, in which a localised maxima has been observed, from the left (western)
edge of Blakefield (Figure 6.10a) and Whybrow Seam panels (Figure 6.10b).
For instance, a point with value of X = 0.2 in Figure 6.10a depicts a localised
maxima which is located at a distance equal to 0.2W2 from the western
edge of a Blakefiend Seam panel. Similarly, X values in Figure 6.10b were
calculated for Whybrow Seam panels, where W1 and W2 are respectively the
widths of associated Whybrow and Blakefield seam panels and L1 and L2
are the distance of the survey point from the western edge of respectively
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Whybrow and Blakefield Seam panels. Probability of occurrence and the
mean incremental subsidence factors are also calculated and illustrated in
these figures. For calculation purpose these values are averaged over +/−0.5
from the major X values as shown in Figure 6.10. On this basis, probability
of occurrence for each major X value in Figure 6.10 is calculated using the
following equation:
Probability =
Number of occurrence
total occurrence
× 100 (6.1)
It can be seen that the majority of the localised maxima points (67 %)
are occurred above the middle of the Blakefield Seam panels (Figure 6.10a).
Figure 6.10a also indicates that the mean incremental subsidence factor of
these points increase over the middle of the Blakefield extracted panels.
On the other hand, the localised maxima points over the Whybrow Seam
panels predominantly occur in two areas as highlighted in Figure 6.10b with
46 % and 44 % probability of occurrence. Similar to the Blakefield panels,
the mean incremental subsidence factor of these points also increases above
the middle of these areas.
The areas in which the localised maxima points occur frequently are
herein referred to as critical areas for upper and lower panels as shown in
Figure 6.10. For ease of use and having round numbers for subsidence pre-
diction methodology as explained in the next chapter, the critical areas are
chosen as areas with 94 % occurrence above Blakefield Panels and a combined
80 % occurrence areas above Whybrow panels (pale red highlighted areas in
Figure 6.10). This results in critical areas between X = 0.1 to X = 0.2 and
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Figure 6.10: Normalised location, mean incremental subsidence factor and
probability of occurrence of localised maxima points above (a) Blakefield and
(b) Whybrow Seam panels.
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X = 0.7 to X = 0.9 of Whybrow Seam panels and X = 0.2 to X = 0.8 of
Blakefield Seam panels.
The location and the respective incremental subsidence factor of all the
localised maxima points are also illustrated in Figure 6.11 for both Blakefield
and Whybrow Seam panels. In this figure, the X values are the normalised
location of a survey point with respect to Whybrow Seam panels and Y values
are for Blakefield Seam panels, similar to X values in Figure 6.10a,b. It can
be seen that the majority of the localised maxima points occur in certain
areas above both panels (high occurrence probability areas in Figure 6.10),
with only a few points above the middle of both panels (X ≈ Y ≈ 0.5 in
Figure 6.11). These points are related to stacked configurations and fully
undermined upper panels (e.g. LW6 above BSLW1 and LW3 above BSLW3
on XL1 line, see Figure 6.5).
From these observations, it can be concluded that if the critical areas
overlap, it is highly probable that a localised maxima point with enhanced
magnitude of subsidence factor would develop. It can also be concluded that
the subsidence factor of these points is likely to be between approximately 80
and 100 %, with some localised areas with subsidence factors slightly greater
than 100 % (see subsidence factor of the points within the critical areas in
Figure 6.10a,b).
The localised maxima points predominantly occur above the extracted
lower panels and close to the edges of the upper panels (Figure 6.10a,b,6.11).
These points can be related to the compaction of the voids in the goaf
area adjacent to the chain pillars in the upper seam that were created as
a result of partial bridging of the falling roof layers after extraction of the
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Figure 6.11: Location and magnitude of localised maxima points.
panel (Ghabraie et al., 2015b; MSEC, 2012d). This closure of the voids
was clearly observed in the physical modelling results of the staggered with
thin/thick interburden in Chapter 4 after extraction of the lower panel (Fig-
ures 4.18, 4.23 and 4.24). Physical models also showed that the maximum
incremental multi-seam subsidence occurs in a close vicinity of the upper
panel edges, above the overlapping area, which was related to the closure of
the previously existing cracks in in this area (Figure 4.20a and 4.26a).
In addition, observing high magnitudes of tilt close to the stacked edges is
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likely to be related to the compaction of the previously existing voids adjacent
to the edges of the upper panels. In case of stacked edges, compaction of the
voids would increase the subsidence magnitude over the edges of the lower
panel that contributes to the slope of the subsidence profile or tilt in this area
resulting in a concentrated subsidence profile rather than creating a localised
maxima point. The results of the stacked physical model in Chapter 4 also
illustrated the same mechanism in formation of a steep subsidence profile
above the stacked edges. In this model, it was observed that the strata
movements as a result of the lower panel extraction re-activate the previously
disturbed strata and cause closure of the previously existing cracks above the
edges of the upper panels (Figure 4.11).
The interburden thickness also plays an important role on the interaction
of the longwall panels. It is expected that for thicker interburden thicknesses,
a larger area of overlapping between the two panels in the two seams would
cause localised maxima points. Also, it is expected that for thinner inter-
burden thicknesses, in which the caved zone of the lower panel reaches the
floor of the previously extracted upper seam, failure of the chain pillars in
the upper seam would occur. This process would lead to significant increase
in the magnitude of the multiple-seam subsidence above the upper panel’s
chain pillars and near the edges of the upper panel.
6.4.4 Angle of draw for Blakefield Seam
The angle of draw for Blakefield Seam panels varies for different locations,
depending on the mining configuration (Figure 6.12). In general, staggered
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edges would generate greater angles of draw than the stacked edges. Ex-
tension of the Blakefield Seam panels beyond the edge of the upper panels
(extended edge) would result in smaller angles of draw in comparison with
stacked edges (Figure 6.12). By further extension of the lower panel, the
angle of draw is slightly increased and becomes similar to the single-seam
angle of draw.
Based on these observations together with reported cases in the literature
(Chapter 3) and physical modellings (Chapter 4), the angle of draw variations
can be divided into four major cases (Figure 6.13). Although angle of draw is
a site dependent variable, variations of this parameter can be classified based
on these four cases. In this classification, the angle of draw for different cases
would be as follows:
ζsg > ζsk > ζfe > ζex (6.2)
where ζsg, ζsk, ζex and ζfe are shown in Figure 6.13.
These observations are similar to the physical modelling results (Chap-
ter 4), where it was observed that the angle of draw above staggered edges
(see Figure 4.17) was greater than the stacked edges (see Figure 4.11). In
the physical models, extension edges depicted the smallest angle of draw (see
Figure 4.17).
It should be mentioned that, in general, greater interburden thickness
between the lower and upper seams would result in slightly greater angle of
draw above the lower panels. This is because a thick interburden (or over-
burden) tends to distribute the stresses resulting from a longwall extraction
further away from the extracted panel (Mills, 2011) and applies more load on
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Figure 6.12: Angle of draw at different locations for Blakefield Seam panels.
the solid coal abutments and chain pillars. This load results in higher ver-
tical subsidence outside the extracted longwalls, i.e. greater angle of draw.
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At shallower depth of cover the overburden is supported by the goaf and less
load is applied on the solid coal abutments and chain pillars, resulting in less
subsidence outside the longwalls.
6.5 Interburden thickness
Finding a mathematical relationship between the interburden thickness and
the incremental subsidence factor requires accurate and comprehensive data.
Presence of other factors, such as changing overburden and seam thickness,
makes it hard to investigate the absolute effects of interburden thickness.
Thus, studying the effects of changing interburden thickness should be done
with consideration of changing overburden thickness and use of subsidence
factor to minimize the number of effective parameters.
The interburden thickness at the Blakefield South mine varies between
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70 and 100 m (Figure 6.4). To investigate the effect of interburden on the
incremental subsidence factor two survey lines with the largest variation of
interburden thickness were chosen as Broke Road and MBLW4 line (Fig-
ures 6.14 and 6.15).
Broke Road line subsidence measurements indicate a gradual increase in
the subsidence factor from the start of the line to its end, despite a gradual in-
crease in overburden thickness for the same course (Figure 6.14). Considering
the subsidence factor alongside the interburden thickness variation depicts
a reverse relationship between the interburden thickness and the subsidence
factor. In other words, although the overburden thickness is increased to-
wards the end of the Broke Road survey line, the decrease in the interburden
thickness results in an increase in the subsidence factor.
A similar trend between the interbuden thickness and subsidence factor
is observed for the MBLW4 line (Figure 6.15). The subsidence factor is de-
creased around 2000 m from the start of the line, where the interburden
thickness is increased. However, at about the same distance from the start
point, the overburden thickness is increased slightly, which might have re-
sulted in reduction of subsidence factor. This makes it uncertain that the
decrease in the subsidence factor around 2000 m from the start of this sur-
vey line would be related to the increased overburden thickness or decreased
interburden thickness.
The reducing effect of a thick interburden on the multi-seam interactions
was also observed in the physical and numerical modelling results (Chap-
ters 4 and 5). Physical modelling results indicated that the effect of the
lower panel extraction on the crack propagation pattern in presence of a
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thicker interburden was reduced in comparison with a thinner interburden
(see Sections 4.5.3 and 4.5.4). Also, numerical modelling results illustrated
that the magnitude of the multi-seam subsidence decreases by increasing the
interburden thickness (see Section 5.8.5 and Figure 5.16).
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6.6 Summary
Factual data analysis of the Blakefield South Mine indicated that the mag-
nitude of the incremental multi-seam subsidence factor in various locations
is significantly greater than that of single-seam subsidence. On average, the
incremental multi-seam subsidence factor was the greatest above the over-
lapping parts of the panels, followed by undermined areas of the upper panel
chain pillars. The smallest incremental multi-seam subsidence factor was ob-
served above the lower panel’s chain pillars. This observation shows that, due
to reduced strength of the overburden strata after the first mining activity
(overburden modification), presence of chain pillars in an upper panel does
not significantly reduce the magnitude of incremental multi-seam subsidence.
In contrast, the lower panel chain pillars greatly influence the incremental
multi-seam subsidence magnitude.
Investigating the shape of the incremental subsidence profile indicated
that the mining configuration noticeably influences the shape of the subsi-
dence and magnitude of tilt over the edges of the lower panel. In general,
staggered edges resulted in wider and smoother subsidence profile in com-
parison with stacked edges, which resulted in steep and narrow subsidence
profile.
In addition, often in staggered configuration and fully undermined upper
panels localised drops were observed in the measured incremental multi-seam
subsidence profiles. Location of these localised maxima points with respect to
the positioning of the panels in the two mining seams together with their sub-
sidence magnitude were investigated in multiple locations above the Blake-
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field Seam panels. It was observed that these points mostly occur above
certain overlapping areas above the extracted Whybrow and Blakefield Seam
panels. These points mostly occurred above two areas close to the edges
of the upper panels and above the middle of the lower panels. These areas
are called critical areas and and it was concluded that overlapping of these
critical areas result in occurrence of localised maxima points.
Blakefield South Mine observational data also revealed that the lower
panel’s angle of draw at various locations varied depending on the location of
the edges of the two panels in the two mining seams. It was concluded that
these variations can be categorised into four main conditions as staggered
edges (ζsg), stacked edges (ζsk), extension edges (ζex) and further extension
of the lower panel (ζfe). On this basis, the following correlation is generally
expected:
ζsg > ζsk > ζfe > ζex
Investigating the variations of the subsidence magnitude with respect to
the interburden thickness also illustrated that the incremental multi-seam
subsidence magnitude tend to decrease where interburden thickness is in-
creased.
Multi-seam subsidence observations from the Blakefield South Mine indi-
cated a close agreement with the physical and numerical modelling results of
similar mining configuration. The combined understanding of these models
and the factual data analysis presented in this Chapter is used to characterise
the multi-seam subsidence for various multi-seam mining configurations in
the next Chapter.
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C H A P T E R 7
Characterisation and prediction of
multi-seam subsidence
7.1 Introduction
Common subsidence prediction methods, such as empirical (e.g. SHE by
NCB 1975 and Incremental Profile Method by Waddington and Kay 1998)
and influence/profile function methods (e.g. methods outlined by Whittaker
and Reddish 1989 and developed by Ren et al. 1987; Sheorey et al. 2000;
Karmis et al. 1989) are largely unable to take into account the specific min-
ing configuration of different multi-seam mining cases and the variations
in the shape, magnitude and extent of the subsidence profile. In fact, these
methods are based on generalised understanding of the subsidence character-
istics or smooth trough shaped subsidence profiles. Whereas, specific shape
and case dependency of the multi-seam subsidence cannot be addressed by
generalisation of multi-seam subsidence.
To be able to predict the multi-seam subsidence due to every mining
configuration, generalisation of the multi-seam subsidence profile needs to
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be avoided in the prediction methodology. Meeting this requirement en-
tails understanding the characteristics of the multi-seam subsidence. In this
chapter, physical and numerical modelling results together with the factual
data analysis presented in the previous Chapters are utilised to establish
a characterisation of the multi-seam subsidence, which can overcome the
case dependency of the multi-seam cases. Once the characteristics of the
multi-seam subsidence are known, suitable modifications can be performed
for modification of currently available prediction methods in order to achieve
reliable prediction of the multi-seam subsidence. In the following sections
this process is performed in three different steps.
First, characterisation of the multi-seam subsidence is proposed based
on the results from multi-seam subsidence analysis in earlier chapters. This
characterisation is achieved by dividing the multi-seam mine area into dif-
ferent segments, which bear certain subsidence characteristics. This method
enables judgement of subsidence characteristics independent from the multi-
seam configuration.
Second, the proposed characterisation of multi-seam subsidence is im-
plemented into the Influence Function Method (IFM). This new method is
called Discrete Influence Function Method (Discrete-IFM) as it is based on
IFM and its fundamental ability is to consider individual influence of dis-
crete segments. This ability makes the Discrete-IFM applicable to every
multi-seam mining configuration.
In the end, the Discrete-IFM is used for the prediction of the multi-
seam subsidence as indicated in an example case. The Discrete-IFM is first
calibrated by two control cases and then the multi-seam subsidence profiles
203
in other locations are predicted by means of the calibrated method. The
prediction results by Discrete-IFM are also compared with a few commonly
used prediction methods.
7.2 Characterisation of multi-seam subsidence
Multi-seam subsidence is a case dependent phenomenon, i.e. different multi-
seam mining configurations result in different characteristics of the multi-
seam subsidence. Predicting the multi-seam subsidence requires considera-
tion of the relative locations of the panels and the influence of interburden
thickness. To be able to meet this requirement, the multi-seam mine area
can be divided into different segments (Figure 7.1). Each segment bears
specific subsidence behaviour based on the understood characteristics of the
multi-seam subsidence in accordance with the relative location of the pan-
els as explained in previous chapters. By superimposing the effect of each
segment, the multi-seam subsidence profile can be determined.
Using this method, the necessity for assigning general subsidence char-
acteristics to different multi-seam mining configurations is avoided. Instead,
every multi-seam mining configuration can be divided into segments with
known characteristics. Thus, multi-seam subsidence profiles of various shapes
as a result of any mining configuration can be achieved. The subsidence
characteristics of different multi-seam configurations are conceptualised in
Figure 7.1 and can be explained as follows:
Seg. (A): Stacked edges are expected to create steep subsidence profiles and
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smaller angles of draw than the staggered edges (Seg. E), which
lead to concentrated subsidence above the overlapping segment
next to them.
Seg. (B): In cases where the lower panel stretches under the whole length of
the upper panel (fully undermined panels) or above the overlap-
ping segments adjacent to stacked edges, enhanced subsidence
magnitude and a concentrated subsidence profile is expected.
These segments can be called as concentrated overlapping seg-
ment.
Seg. (C): Overlapping of the critical areas is expected to create a localised
drop in the subsidence profile and an extreme magnitude of subsi-
dence, which might exceed the lower panel’s extraction thickness.
Seg. (D): Presence of the upper panel chain pillars is expected to result in
increased magnitude of subsidence in comparison with the single-
seam subsidence. This increase is less than that of Segs. (B) and
(F).
Seg. (E): Staggered edges are expected to create a wider and smoother
subsidence profile in comparison with the single-seam extraction.
Seg. (F): If the lower panel partially overlaps the upper panel (staggered
or offset configurations) an enhanced magnitude of subsidence is
expected above the overlapping segments. These segments can be
called as general overlapping segments and their subsidence mag-
nitude is slightly less than that of the concentrated overlapping
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Figure 7.1: Characterisation of the multi-seam subsidence.
segment (Seg. B).
Seg. (G): If the lower panel is extended beyond the edge of the upper panel
a smaller angle of draw than the single-seam is expected. By
further extension of the lower panel the angle of draw is expected
to increase and become similar to the single-seam subsidence.
Effects of the interburden thickness can also be considered separately on
each segment by means of a multiplying factor. The thicker the interbur-
den is, the smaller the effects of the lower extraction are on the multi-seam
subsidence profile.
The proposed subsidence characteristics of different segments are sum-
marised in Table 7.1 based on the results in the previous chapters (see sum-
mary sections of Chapters 4, 5 and 6). These characteristics together with
the width of each segment need to be calibrated for a specific case study
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Table 7.1: Summary of the subsidence characteristics for different segments
of a multi-seam mine section.
Segments Location Subsidence profile
Seg. (A) Stacked edges Steep profile and small angle of draw (ζsk)
a
Seg. (B) Concentrated overlapping Enhanced magnitude of subsidence (SFB)
b
Seg. (C) Critical areas overlapping Extreme magnitude of subsidence (SFC)
b
Seg. (D) Upper panel chain pillars Increased subsidence factor (SFD)
b
Seg. (E) Staggered edges Smooth profile and wide angle of draw (ζsg)
a
Seg. (F) General overlapping Enhanced magnitude of subsidence (SFF )
b
Seg. (G) Lower panel extension Smaller or similar angle of draw to
single-seam (ζex, ζfe)
a
a where ζsg > ζsk > ζfe > ζex (see Section 6.4.4),
b where SFC > SFB > SFF > SFD
(see Section 6.4.1).
in order to achieve reliable prediction results. This process is explained in
Section 7.5.1.
7.3 Conventional Influence Function Method
Adapting the proposed characterisation of the multi-seam conditions in order
to predict the multi-seam subsidence profiles requires a prediction method
capable of superimposing the subsidence due to individual segments with
varying behaviour. The IFM is able to predict the subsidence resulting from
any shape, depth and thickness of an extracted section of the coal seam
using the law of superimposition of subsidence from infinitesimal extracted
elements (Figure 2.4, see Section 2.4.3). This ability makes the IFM a suitable
choice to be used for multi-seam subsidence prediction. However, certain
modifications are required in order to carry out the multi-seam subsidence
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calculation process.
Principles of the IFM have been previously explained in Section 2.4.3.
To avoid repetition, readers can refer to this section together with the avail-
able literature by Kratzsch (1983), Whittaker and Reddish (1989) and Peng
(1992) for detailed discussion of the principles of the IFM. In addition to the
IFM, the generalised concept of the IFM by Ren et al. (2010a), i.e. GIFM as
explained in Section 3.4.3, can be employed for its flexibility in adapting to
different shapes of the subsidence profiles. This ability is deemed critical for
achieving reliable predictions over different segments without being required
to establish a mathematical expression of the influence function. In the fol-
lowing section, effects of various input parameters of IFM and GIFM on the
resultant subsidence profile are discussed.
Input parameters of IFM and GIFM
Input parameters of IFM and GIFM can be divided in two major groups:
a) Geometrical and site specific parameters, which include dimensions of the
panel, depth of cover, seam inclination, extraction thickness; and
b) Subsidence parameters, which include subsidence factor (SF ), angle of
draw (ζ) and weighting factors S(i).
The subsidence prediction can be improved by modifying the second
group, i.e. the subsidence parameters. These parameters affect the subsi-
dence curve in specific ways. Subsidence factor, according to Equation 2.9
changes the magnitude of the subsidence equally for each surface point. An-
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gle of draw, on the other hand, indicates the effective area of influence for
each extraction element. Changing angle of draw affects the overall subsi-
dence area as well as the magnitude of the subsidence. Smaller angle of draw
would result in a more concentrated profile over the extracted section and
vice versa. Finally, weighting factor changes the steepness, curvature and,
in one word, shape of the subsidence trough. It should be noted that to
change the weighting factors, S(i) is calculated from the influence function
Kz in Equation 2.9 in the conventional IFM (see Section 2.4.3) and by trial
and error in GIFM (see Section 3.4.3). Figure 7.2 graphically illustrates the
variations of the group (b) parameters on the predicted subsidence profile.
In this figure, the effect of each parameter can be compared with the subsi-
dence curve resulting from the conventional stochastic function (Whittaker
and Reddish, 1989). Controlling the group (b) input variables in the IFM
and GIFM would result in achieving subsidence troughs of different shapes.
However, irregular shape subsidence profiles cannot be predicted by only
changing these input variables. Further modifications are deemed necessary
to be able to predict irregular shape subsidence profiles.
Changing SF
Changing limit angle
Changing weighting factors
Stochasticfunction
Extracted panel
15o
35o
Figure 7.2: Effect of various input parameters on the subsidence prediction
by IFM.
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7.4 Modification of the IFM
The modified method needs to be able to consider different sets of input
variables for different extraction segments based on the relative location of
the two panels. This modification can be done by dividing the extracted lower
panel into various discrete segments with varying subsidence parameters,
based on the characterisation of the multi-seam subsidence. Each discrete
segment is then sub-divided into a number of infinitesimal elements with
the same influence, i.e. a specific set of subsidence parameters (SFs, ζs and
S(s), which is the tabulated weighting factors for different segments, where
s = 1, 2, . . . , n refer to different segments). The subsidence profile of each
segment, i.e. segmental subsidence, can be calculated by applying GIFM (or
conventional IFM) to the extracted segment. The result would be a number
of discrete segmental subsidence profiles of different shape and magnitude
(Figure 7.3). In the end, by superimposing the influence of each segment,
the final subsidence can be calculated as:
ST =
n∑
s=1
Ss (7.1)
where ST is the total subsidence, Ss is the segmental subsidence of various
segments, e.g. S1 is the segmental subsidence for segment 1 resulting from
SF1, ζ1 and S(1) variables, S2 is the segmental subsidence for segment 2
resulting from SF2, ζ2 and S(2) variables and so on.
In fact, in this method each discrete segment is considered as an extrac-
tion element of a bigger panel that its respective subsidence can be super-
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imposed with neighbouring segments to reach the final subsidence profile
(Figure 7.3). This modified method, because of its discrete consideration
of extraction segments, can be referred to as Discrete-Influence Function
Method (Discrete-IFM).
The ability to adapt to any shape of the subsidence profile makes Discrete-
IFM different from the conventional IFM. Once the characteristics of the
subsidence are understood, suitable subsidence parameters can be assigned
to certain segments and the final subsidence profile can be calculated.
Discrete extraction segments
Extracted panel
Kz2 Kz3 Kz4 Kz5Kz1
Infinitesimalelements
Influence function (Kz1)
Final subsidence
Segmental subsidence
Coal seam
Figure 7.3: Principles of the Discrete-IFM.
Subsidence parameters in Discrete-IFM
Similar to the IFM and GIFM, the input variables for Discrete-IFM can be
divided into two main groups:
a) Geometrical and site specific parameters, which include depth of cover,
seam inclination, extraction thickness; and
b) Segmental subsidence parameters, which include width (Ws), subsidence
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factor (SFs), angle of draw (ζs) and tabulated weighting factors (S(s))
for each segment.
Group (a) variables are commonly known for a specific mine. On the
other hand, the segmental subsidence parameters (group b variables) can
be different for each extraction segment. The influence of changing SFs,
ζs and S(s) on individual segmental subsidence profiles is similar to the
GIFM (or IFM) subsidence parameters in Section 7.3. Changing the width
of extraction segments (Ws), depicts the width-to-depth ratio of the segment
(W/H, where H is the depth of cover and W is the panel width). The
critical width is a width-to-depth ratio that leads to the development of the
maximum possible subsidence in one point above the middle of the extracted
panel (Smax = SF × T , where T is the extraction thickness, Figure 7.4). In
the IFM calculations, the maximum subsidence can only be reached if the
condition stated in Equation 3.9 is met. Under this condition, any greater
extraction width than the critical width would result in a flat subsidence
profile above the middle of the extracted segment with the magnitude of
maximum possible subsidence (Smax = SF ×T , Figure 7.4), i.e. supercritical
width. Similarly, any smaller extraction width than the critical width would
result in a subsidence magnitude less than the maximum possible subsidence
above the middle of the extracted segment (Smax < SF × T , Figure 7.4),
i.e. subcritical width. Effects of width-to-depth ratio on the shape of the
subsidence profile were further discussed in Chapter 2)
To be able to perform the subsidence prediction analysis by Discrete-IFM,
group (b) input variables need to be calibrated based on factual subsidence
observations in order to achieve a reliable multi-seam subsidence prediction.
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The calibration process is explained in Section 7.5.1.
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Figure 7.4: Effect of changing extraction segment width (Ws) on the subsi-
dence prediction by Discrete-IFM.
7.5 Prediction of multi-seam subsidence using
Discrete-IFM
Prediction of multi-seam subsidence using Discrete-IFM can be performed
in two main steps (Figure 7.5): 1) calibration of segmental subsidence pa-
rameters; and 2) prediction of the multi-seam subsidence. The prediction
step also comprises of two sub-steps as calculation of segmental subsidence
by Generalised Influence Function Method (GIFM) and superimposing the
segmental subsidence profiles to calculate the final subsidence profile. The
method for calculating the segmental subsidence by means of GIFM used in
this thesis has been explained in Section 3.4.3. This method is based on a
modification of the conventional influence function zone area method, which
has been presented in Ren et al. (2010a). To be able to utilise the GIFM for
predicting the subsidence curve for each segment of each section of the mine
tabulated segmental subsidence data can be used. An example of this tabu-
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Figure 7.5: Multi-seam subsidence prediction procedure by Discrete-IFM.
lated data is provided in Appendix B, Table B.1. In this example GIFM can
be performed to calculate the segmental subsidence profile of each segment
(using input data of each row in Table B.1) in a section of the mine (BSLW1,
BSLW2 and BSLW3 panels). Predicted segmental subsidence profiles can
then be superimposed to achieve the final subsidence profile of this section
of the mine (Figure 7.7).
The calibration step needs to be performed to achieve the best correlation
between the observed and the calculated profile only in the beginning of the
analysis for one or a few control cases. The calibrated segmental subsidence
parameters can then be utilised for prediction of other sections in the mine.
This process, from calibration to prediction, is explained on an example
multi-seam case in the next sections.
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7.5.1 Example of application
The Discrete-IFM is employed to predict the multi-seam subsidence on sev-
eral survey lines at the Blakefield South Mine. The method is first cali-
brated by using the subsidence parameters above two multi-seam panels,
being BSLW2 on DL line and BSLW2 on XL1 line (control cases). The cal-
ibrated segmental subsidence parameters are then used in the Discrete-IFM
to predict the subsidence due to other survey lines.
Calibration of Discrete-IFM
Knowledge of the multi-seam subsidence characteristics provides the basis for
choosing suitable subsidence parameters for the Discrete-IFM. Figure 7.1 and
Table 7.1 can be utilised to assign initial segmental subsidence parameters
to different segments. These parameters can then be calibrated, based on
observational data, to achieve the best correlation with the observational
data. On this basis, the segmental subsidence parameters are calibrated in
accordance with BSLW2 panel on DL line and BSLW2 panel on XL1 line (see
Figure 6.5). These two control cases include most of the types of segments
noted in Table 7.1. Only Seg. (G) is not included in these two cases, which is
calibrated based on MBLW4 survey line results. The following remarks can
be made on calibration of the segmental subsidence parameters:
Angle of draw: The angle of draw for Segs. (A), (E) and (G) are chosen
based on Equation 6.2. Other segments can be assigned a constant angle of
draw, which is greater than that of single-seam subsidence and results in the
most reliable prediction result.
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Subsidence factor: The subsidence factor for Seg. (C) is the greatest,
followed by the Segs. (B) and (F). The subsidence factor for Seg. (D) is
greater than that of single-seam subsidence but smaller than Segs. (B) and
(F) (see Table 6.3). This parameter for Segs. (A) and (E) is chosen based
on observations in order to achieve the most reliable prediction result. Seg.
(G), on the other hand, is divided into three equal width sub-segments. The
subsidence factors in these sub-segments are chosen to reduce gradually from
the sub-segment adjacent to the previous segment towards the edge of the
panel. This gradual decrease represents the reduced multi-seam effects by
moving further away from the upper panel edge (see Section 6.4.4). The
average subsidence factor for these sub-segments is slightly greater than the
single-seam subsidence factor. Other segmental subsidence parameters in
these sub-segments are kept constant.
Weighting factors: For Segs. (B), (C), (D) and (F), weighting factors
that gives the most influence to the area above the extracted elements would
result in suitable predictions (see Section 3.4.3). Segs. (A), (E) and (G) are
assigned weighting factors that result in closely correlated steepness of the
profile over the edges of the lower panel.
Width of each segment: Width of Seg. (D) is known and equal to the
width of the chain pillars in the upper panel. Width of Seg. (C) can also
be assigned equal to the width of the critical areas (Section 6.4.3). Width
of Segs. (A), (E) and (G) need to be chosen to achieve the best correlation
with the observed data. In the end, by knowing the width of Segs. (A), (C),
(D), (E) and (G), width of Segs. (B) and (F) can be chosen as the width in
between other segments.
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Figure 7.6: Calibration of Discrete-IFM with subsidence observations above
BSLW2 on (a) DL line and (b) XL1 line.
Using the explained calibration process, the calculated subsidence profiles
for the two control cases are illustrated in Figures 7.6a and 7.6b. Detailed
calibrated values of the tabulated weighting factors and segmental subsidence
parameters for prediction of these cases are noted in Tables 7.2 and 7.3.
Table 7.2: Tabulated weighing factors used in the Discrete-IFM.
S(s) 1 2 3 4 5 6 7 8 9 10 ΣS(s)
S(a) 0.0064 0.0256 0.0448 0.0704 0.0896 0.1088 0.128 0.1472 0.1728 0.2048 1
S(b) 0.1984 0.1792 0.1664 0.1344 0.1088 0.0832 0.064 0.0448 0.0128 0.0064 1
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Table 7.3: Calibrated segmental subsidence parameters of Discrete-IFM for
BSLW2 on DL and XL1 lines.
Panel Segment
Width
Ws
Angle of draw
ζs
Subsidence factor
SFs
Weighting factor
S(s)
BSLW2 on A 40 m 20◦ 0.1 S(a)
DL line B 250 m 20◦ 0.9 S(b)
C 45 m 20◦ 1 S(b)
B 25 m 20◦ 0.9 S(b)
D 35 m 20◦ 0.7 S(b)
F 25 m 20◦ 0.8 S(b)
C 45 m 20◦ 1 S(b)
F 15 m 20◦ 0.8 S(b)
E 50 m 30◦ 0.3 S(b)
BSLW2 on E 50 m 30◦ 0.3 S(b)
XL1 line F 130 m 20◦ 0.8 S(b)
C 60 m 20◦ 1 S(b)
F 30 m 20◦ 0.8 S(b)
D 45 m 20◦ 0.7 S(b)
F 50 m 20◦ 0.8 S(b)
E 50 m 30◦ 0.3 S(b)
Prediction results
The calibrated segmental subsidence parameters are employed to predict sub-
sidence profiles on different survey lines at Blakefield South Mine (Figures 7.7
to 7.12). Detailed input parameters used for all these cases are noted in Ap-
pendix B, Tables B.1 to B.6.
It can be seen that the predicted subsidence profiles by Discrete-IFM
are in close correlation with the observed multi-seam subsidence profiles at
various locations (Figures 7.7 to 7.12). Based on these example results,
the Discrete-IFM has the ability to predict the localised maxima points,
enhanced magnitude of multi-seam subsidence at various locations, different
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Figure 7.7: Charlton Road subsidence predictions by Discrete-IFM.
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Figure 7.8: DL line subsidence predictions by Discrete-IFM.
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Figure 7.9: LOM line subsidence predictions by Discrete-IFM.
angle of draw at different locations and irregularities in the subsidence profile
for every mining configuration. However, the results show underprediciton of
multi-seam subsidence in a few isolated locations. These locations are mostly
above the edges of the lower panel, above the lower panel chain pillar and
areas of undermining of the upper panel chain pillars, which exhibit complex
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Figure 7.10: MBLW4 line subsidence predictions by Discrete-IFM.
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Figure 7.11: XL1 subsidence predictions by Discrete-IFM.
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Figure 7.12: XL1 subsidence predictions by Discrete-IFM.
physical ground movement mechanisms. These errors can be mostly rectified
by employing a greater subsidence factor in these specific segments. However,
this would come at the cost of overpredicting in some similar areas in other
sections. In addition, calibration of the segmental subsidence parameters for
these specific segments based on a larger database of subsidence observations
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(or using more control cases for calibration process) would result in improved
multi-seam subsidence predictions.
Another method to achieve a more reliable prediction, especially over the
edges of the lower panel or undermining of the upper panel chain pillars, is
that the respective segments can be divided into smaller sub-segments with
varying segmental subsidence parameters. This division increases the flexibil-
ity of the Discrete-IFM by making it possible to choose a suitable combination
of parameters for sub-segments to achieve a more reliable prediction.
The reliability of the subsidence predictions by Discrete-IFM can also
be improved by considering varying extraction and overburden thickness for
various segments. In GIFM (or conventional IFM), these parameters are
considered as the geometrical and site specific parameters and kept constant
for the width of each panel. However, in Discrete-IFM these parameters can
be considered as segmental subsidence parameters. In other words, different
extraction and overburden thicknesses can be assigned to each extraction
segment separately instead of averaging these values over the width of the
extracted panel. By this method, effects of changing extraction and overbur-
den thickness over the width of an extracted panel can be foreseen by the
Discrete-IFM.
In addition, choosing the width of the critical areas (Seg. C) based on a
certain fraction of the extracted panel width (see Section 6.4.3) would po-
tentially cause under or overprediction of subsidence in these areas. This
selection method results in variations in the width of Seg. (C), if the width
of the extracted panels change, which causes variations in the predicted sub-
sidence (see Section 7.4). For example, the subsidence prediction on LOM
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line (Figure 7.9) indicates overprediction of the subsidence above BSLW3
panel. This overprediction is due to the increased width of the upper panel
(LW-E1) in comparison with, for instance, LW2 panel. These variations can
be avoided by assigning an explicit value to the width of Seg. (C). This value
can be calculated based on the width of overlapping of the two panels and the
interburden thickness. The smaller the interburden thickness is, the larger
the width of Seg. (C) can be and vice versa.
Multi-seam subsidence prediction by other methods
Incremental Profile Method (IPM) developed by Waddington and Kay (1998,
1995) (see Section 3.4.2), conventional IFM by Ren et al. (1987) and GIFM
by Ren et al. (2010a) (see Section 3.4.3) are employed to predict the multi-
seam subsidence at the Blakefield South Mine for comparison purpose.
The prediction results for all of these methods for different sections of
the mine are illustrated in Figures 7.13 to 7.16. It can be seen that, in
the demonstrated cases, Discrete-IFM achieves more reliable subsidence pre-
dictions, especially in locations where the localised maxima points occur.
One reason for these results is that the conventional subsidence prediction
methods are based on generalised cases, where a smooth subsidence trough
is predicted. This generalisation disables these methods to foresee possible
local variations and irregularities in the multi-seam subsidence profiles. In
addition, these methods are unable to take into account the different angles
of draw for different edges of the lower panel and effects of variations in the
mining configurations. However, employing calibrated subsidence parame-
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ters based on multi-seam monitoring data would enable these methods to
predict the overall subsidence profiles as illustrated in Figures 7.13 to 7.16.
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Figure 7.13: LOM line subsidence predictions by IFM, GIFM, Discrete-IFM
and IPM (IPM results adapted from MSEC (2015)).
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Figure 7.14: DL Line subsidence predictions by IFM, GIFM, Discrete-IFM
and IPM (IPM results adapted from MSEC (2015)).
7.6 Discussion
The first determination of the shape and magnitude of the subsidence pro-
file is commonly achieved in accordance with the characteristics of the ob-
served subsidence profile. The conceptualised characterisation of the multi-
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Figure 7.15: Charlton Road subsidence predictions by IFM, GIFM, Discrete-
IFM and IPM (IPM results adapted from MSEC (2015)).
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Figure 7.16: MBLW4 line subsidence predictions by IFM, GIFM, Discrete-
IFM and IPM (IPM results adapted from MSEC (2015)).
seam subsidence (Figure 7.1 and Table 7.1) can be employed to develop
this initial determination on various sections of a multi-seam mine. Using
this characterisation in the Discrete-IFM and comparing its predicted re-
sults in an example with other subsidence prediction methods showed signif-
icantly improved agreement with the subsidence observations (Figures 7.13
to 7.16). The unique feature of the Discrete-IFM is its ability to predict ir-
regular shaped subsidence profiles. Irregular subsidence curves are achieved
by changing the segmental subsidence parameters, which results in specific
variations in the segmental subsidence profiles and eventually affects the
final subsidence profile. Also, dividing the extracted panel into different seg-
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ments makes the Discrete-IFM a flexible method that can consider varying
extraction thickness and depth for different segments along the width of the
extracted panel. Dividing specific segments into sub-segments can further
improve the reliability of subsidence predictions in places where complicated
multi-seam interactions occur, such as around the edges of the panels and
undermining of upper seam chain pillars. In addition to these specific ca-
pabilities of Discrete-IFM, this method benefits from the flexibilities of the
commonly used IFM and GIFM such as the ability to predict the subsidence
from extraction panels of any shape and dip (see Section 2.4.3).
The calibration process for the Discrete-IFM could be a lengthy process
due to presence of various segments, in which their associated segmental
subsidence parameters need to be taken into account and calibrated sepa-
rately. In addition, the GIFM method is a computationally taxing method
and the need to perform GIFM for each segment in an extraction panel makes
Discrete-IFM, as well, computationally taxing. However, the Discrete-IFM,
similar to IFM, can be coded into a computer program (e.g. SDPS by Karmis
et al. 1989), which can solve complicated geometric subsidence problems in
a timely manner.
The Discrete-IFM can be employed for subsidence prediction for cases
where limited subsidence observations are available. In these cases, a closely
related multi-seam case from preferably the same coalfield can be used as the
control case for calibration of the segmental subsidence parameters.
Variations in the interburden thickness result in reduced or increased
multi-seam subsidence. Also, the overburden geology can affect the strata
response to longwall mining. For instance, presence of a thick and strong rock
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stratum would reduce the effect of longwall mining on the surface subsidence.
Effects of changing interburden thickness and geology of the interburden and
overburden strata have not been explicitly considered in the Discrete-IFM.
However, calibration of the subsidence parameters based on observations
from a specific case study would indirectly comprise the effects of these site
specific variables in the calibrated segmental subsidence parameters. In ad-
dition, the Discrete-IFM has the capability to take into account variations
of the site specific variables directly as part of the segmental subsidence pa-
rameters for individual segments. For example, decreased subsidence factor
can be considered for a segment under a thicker section of the interburden.
Similarly, other segmental subsidence parameters can be altered based on
site specific variables.
The Discrete-IFM methodology, i.e. dividing the extracted panel into dis-
crete, individual segments with specific subsidence parameters, can be read-
ily adapted for other subsidence prediction methods. Subsidence prediction
methods can be modified based on conceptualisation of the subsidence char-
acteristics, similar to Figure 7.1 and Table 7.1. This concept can also be
utilised for prediction of other subsidence problems, particularly in case of
irregular subsidence profiles, which cannot be predicted by prediction meth-
ods which are based on generalised subsidence parameters for the whole ex-
tracted panel. In these cases, once the characteristics of the subsidence are
well understood, segmentation of the extracted area can be performed and
suitable segmental parameters can be assigned to each individual segment to
achieve the best prediction result.
Finally, the characterisation of the multi-seam subsidence can also be
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adapted for investigating the subsidence characteristics on a plan view of
the mine with certain adjustments. With further investigations, individual
subsidence parameters can be assigned to discrete areas based on their rel-
ative location in the two mining seams on a mine plan. These adjustments
can then be further applied to the Discrete-IFM in order to achieve a 3D
prediction of the mining-induced subsidence.
7.7 Summary
In this Chapter, a conceptualised characterisation of the multi-seam subsi-
dence was proposed by dividing the extracted panels into discrete, individ-
ual segments with certain subsidence characteristics. This characterisation
is applicable to every multi-seam mining configuration and is used for modi-
fication of a conventional Influence Function Method. The modified method,
namely, Discrete-IFM, is capable of considering different subsidence param-
eters for different segments in a multi-seam section and calculating the final
subsidence curve by summation of the segmental subsidence profiles.
The Discrete-IFM is able to predict the multi-seam subsidence of any
shape and magnitude, independent of the mining configuration. It can read-
ily be adapted for new cases with limited available observational data. This
method is a flexible method, which possess the ability to account for the vari-
ations of overburden, interburden and extraction thicknesses along the width
of a longwall panel. Discrete-IFM can also be coded into a computer program
in order to reduce the computational cost of the subsidence calculation and
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calibration process.
The ability of the Discrete-IFM to predict the multi-seam subsidence
was demonstrated with an example. In this example, two control cases
were utilised for calibration of the segmental subsidence parameters in the
Discrete-IFM. The calibrated parameters were then employed for prediction
of the subsidence in other locations in the case study. Comparison between
the predicted subsidence profiles and field measurements indicated that the
Discrete-IFM can reliably predict the multi-seam subsidence.
In the end, three other conventional subsidence prediction methods as,
IFM, GIFM and IPM (see Section 3.4), were utilised to predict the subsidence
in similar locations. The prediction results from these methods were then
compared with the results from Discrete-IFM. It was demonstrated that the
Discrete-IFM achieves significantly improved prediction results in comparison
with other methods.
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C H A P T E R 8
Conclusions
8.1 Introduction
The ability to predict the mining-induced subsidence is crucial to evaluate
the influence of underground longwall coal mining on the ground surface
at the planning stage of the mine. This ability is more important in the
case of multi-seam longwall mining, where great magnitude and extent of
the subsidence are expected. Ground surface subsidence observations above
multi-seam mines in various countries indicate that the magnitude, extent,
and shape of the multi-seam subsidence are notably different from that of
single-seam mining. These observations suggest that there is a different strata
movement mechanism involved in the multi-seam extractions, which results
in variations in the profile of the multi-seam subsidence. Therefore, conven-
tional subsidence prediction methods, which are mostly based on generalised
concept of the subsidence, are unable to predict the multi-seam subsidence
reliably.
Understanding the strata response to the multi-seam longwall extractions
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and characteristics of the multi-seam subsidence are deemed necessary in
order to achieve a reliable multi-seam subsidence prediction. On this basis,
objectives of this thesis have been defined as follow:
a) Understanding the strata movement mechanisms and characteristics of
the multi-seam subsidence profile; and
b) Characterisation and prediction of the multi-seam subsidence.
Different investigation methods, such as physical and numerical mod-
elling techniques and subsidence observational data analysis, have been em-
ployed to study the strata movement mechanisms and characteristics of the
subsidence due to multi-seam mining (objective a). The results of these in-
vestigations have then been utilised for characterisation of the multi-seam
subsidence and modification of a conventional prediction method for reliable
prediction of the multi-seam subsidence (objective b). The objectives of this
thesis have been achieved by performing four steps as summarised below:
1) Investigating the general aspects of multi-seam subsidence by reviewing
the available multi-seam subsidence observational data, reports and re-
lated research articles;
2) Studying the strata movement mechanism and multi-seam subsidence
characteristics by means of physical modelling, numerical modelling and
factual data analysis;
3) Characterisation of the multi-seam subsidence based on the findings in
the previous steps; and
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4) Prediction of multi-seam subsidence based on the proposed characterisa-
tion of the multi-seam subsidence.
General conclusions achieved from performing the above-mentioned steps
are concisely reported in the following Sections.
8.2 Multi-seam subsidence observations
The most important parameters, which influence the shape and magnitude
of the multi-seam subsidence, have been studied from the available obser-
vational data, articles, and reports in the literature. It was concluded that
location of the previously extracted seam above the to-be-extracted seam at
a greater depth is the most important factor that governs the shape of the
multi-seam subsidence profile. In fact, as Galvin (2016) stated, the multi-
seam subsidence is a case dependent phenomenon, which depends on the
extent of superpositioning of the workings, mining method, nature and thick-
ness of the interburden layers. In other words, relative location of the pan-
els in the two mining seams and interburden thickness, i.e. the multi-seam
mining configuration, have the most significant effect on formation of the
multi-seam longwall mining-induced subsidence.
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8.3 Strata movement mechanism and multi-seam
subsidence characteristics
Strata movement mechanism as a result of different multi-seam mining con-
figurations have been investigated by means of physical and numerical mod-
elling techniques. For this purpose, a physical modelling set-up using new
optical and laser based technologies was proposed. Each tool served a dis-
tinct purpose for measurement of certain subsidence parameters in order
to investigate the strata movement and subsidence characteristics. Using
the proposed physical modelling set-up, various multi-seam mining configu-
rations were modelled. In the physical models, site specific parameters, i.e.
strength of the material, thickness of the bedding planes, extraction thickness
and mining method, were kept constant for different mining configurations
to monitor the sole effect of the mining configuration on various subsidence
parameters. Physical modelling results showed that extraction of the lower
panel re-activates the disturbed strata above the upper panel and causes clo-
sure of the previously existing bedding separations and fractures above the
overlapping areas of the panels in the two seams. This process leads to for-
mation of an enhanced magnitude of multi-seam subsidence. Presence of the
previously disturbed and caved strata above the upper panel also affects the
strata movement pattern after the lower panel extraction. These weakened
strata provide the newly undermined strata with an alternative deformation
path, which affects crack propagation pattern and limit of subsidence after
extraction of the lower panel.
Numerical modelling techniques have also been utilised as an alternative
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method to investigate the strata movement mechanism and multi-seam subsi-
dence characteristics. In addition, these techniques have been used for inves-
tigating variations of the subsidence magnitude as a result of various mining
configurations, which were difficult to monitor via physical modelling. For
this purpose, necessary requirements for numerical simulation of multi-stage
caving process after the multi-seam mining have been discussed in detail.
These requirements include rock failure incorporation and allowing large de-
formation, a mechanism to transfer the weight of damaged material to the
lower layers, and updating material properties of the goaf to allow post fail-
ure modelling. A numerical modelling approach has been suggested, which is
capable of meeting these requirements. Results from the proposed approach
showed reasonable agreement with the physical modelling outputs and that
the larger the width of the overlapping section and the thinner the interbur-
den thickness are, the greater the magnitude of subsidence is. Also, through
comparison with two other conventional numerical modelling approaches, it
was demonstrated that the proposed approach is robust, i.e. it is capable of
simulating the enhanced magnitude of multi-seam subsidence due to varying
mining configuration.
The numerical modelling results demonstrated that numerical modelling
techniques can be used as a supplement to the physical modelling techniques,
which provide more flexibility in defining material properties, failure mode
and change in mining configurations in comparison with the physical mod-
elling techniques.
At the next stage, multi-seam subsidence characteristics based on factual
subsidence observations from Blakefield South Mine in New South Wales,
233
Australia have been investigated. This investigation revealed that there is a
correlation between the magnitude of the incremental multi-seam subsidence
at different locations, occurrence of the localised maxima points in multi-
seam subsidence profiles, shape of the multi-seam subsidence profiles, and
angles of draw with various multi-seam mining configurations. Also, factual
data analysis demonstrated that there is a reverse correlation between the
multi-seam subsidence factor and the interburden thickness. These observa-
tions agreed well with the physical and numerical modelling results in the
previous steps.
8.4 Characterisation of multi-seam subsidence
Physical and numerical modelling together with factual data analysis re-
sults were utilised for characterisation of the multi-seam subsidence. This
characterisation was required to be applicable to every multi-seam mining
configuration and avoid generalisation of the multi-seam subsidence profile.
For this purpose, it has been suggested to divide the width of a longwall
panel in a section of a mine into discrete segments and assign certain sub-
sidence parameters to each segment, depending on the relative location of
the panels in the two mining seams. For instance, stacked and staggered
edges result in different limit angles and shapes of the subsidence profiles,
therefore, distinct subsidence parameters have to be assigned to these two
separate segments. Similarly, all the other segments can be assigned suitable
subsidence parameters. By this characterisation method multi-seam subsi-
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dence of any shape and magnitude can be characterised for every multi-seam
mining configuration.
8.5 Prediction of the multi-seam subsidence
The Influence Function Method (IFM) has been employed to be modified
in order to take into account the proposed characterisation of the multi-
seam subsidence. IFM was chosen for this purpose because of its ability
to superimpose the discrete influence of various segments of one or more
longwall panels, which is essential for employing the proposed multi-seam
subsidence characterisation method. A modification of the IFM has then
been suggested. The proposed method is called Discrete-IFM for its ability
to account for discrete influence of different segments of an extracted panel.
Using the Discrete-IFM, a longwall panel is divided into a number of seg-
ments based on the proposed characterisation of the multi-seam subsidence
and the relative location of the panels in two mining horizons. Different
segmental subsidence parameters are then assigned to various individual seg-
ments. The segmental subsidence profile of each segment is then calculated
by the Generalised Influence Function Method (GIFM). In the end, by super-
positioning the calculated segmental subsidence profiles the final multi-seam
subsidence profile can be predicted.
The Discrete-IFM has been utilised to predict the multi-seam subsidence
for an example case in Australia. For this purpose, segmental subsidence
parameters for various segments have been calibrated in accordance with
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subsidence observations in two control cases. Calibrated Discrete-IFM has
then been utilised for prediction of multi-seam subsidence for other loca-
tions across the multi-seam mine area. Prediction results illustrated close
correlation with the observed multi-seam subsidence profiles.
Subsidence prediction results by three other conventional subsidence pre-
diction methods for similar locations were also employed to be compared
with the Discrete-IFM prediction results. Through this comparison, it was
demonstrated that the proposed Discrete-IFM achieves considerably more
reliable predictions. The Discrete-IFM is particularly capable of predicting
localised variations in the multi-seam subsidence, which other conventional
prediction methods are largely unable to predict.
In summary, the Discrete-IFM can:
• predict the multi-seam subsidence for every variation of multi-seam
mining configuration;
• predict the subsidence profile of any shape and magnitude;
• be adapted for new cases, where limited subsidence observations are
available;
• take into account the variations of geological conditions, interburden,
overburden and extraction thicknesses along the width of an extracted
section;
• be coded into a computer program, which can solve complicated geo-
metrical situations in a timely manner; and
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• the basic methodology of Discrete-IFM, i.e. division of the panel into
discrete segments, can be utilised for modification of other available
subsidence prediction methods.
8.6 Recommendations for Future Studies
8.6.1 Improving the knowledge of multi-seam subsidence
Application of the physical and numerical modellings have proved to be useful
in understanding the underlying mechanism of strata movements, which lead
to formation of the multi-seam subsidence. Using these techniques, modelling
other variations of multi-seam mining configuration to monitor the resultant
multi-seam subsidence profile variations would be of great benefit to improve
understanding of the multi-seam subsidence characteristics.
The numerical modelling approach suggested in this study can also be
improved by certain modifications, e.g. considering changing strength pa-
rameters of different layers, introducing a more accurate failure criterion for
rock masses and more accurate after-failure behaviour for the failed rock
mass. However, complications that these adjustments would bring to the
numerical modelling should not be overlooked. In this thesis, the aim was
to draw a numerical modelling approach, which is capable of meeting the
minimum necessary required conditions for a reasonably robust simulation
of multi-seam subsidence.
Also, further analysis of factual subsidence measurements from different
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mine sites in various coalfields can certainly improve the understanding of
characteristics the multi-seam subsidence.
In this thesis, only the effect undermining of previously extracted long-
wall panels were studied. Other possible scenarios of multi-seam subsidence,
such as overmining of a previously extracted longwall panel, longwall mining
in multiple levels (more than 2), and interaction of longwall and room and
pillar workings can also be investigated by employing a similar methodology
presented in this thesis in order to further comprehend the underlying mech-
anism of the strata movements and characteristics of multi-seam subsidence.
8.6.2 Improving the reliability of Discrete-IFM
The ability of the Discrete-IFM to consider discrete individual segments with
varying segmental subsidence parameters makes this method a flexible pre-
diction method. This flexibility provides the ground for further improvement
of this method in order to achieve better reliability of results and greater con-
fidence in multi-seam subsidence predictions. Possible improvements can be
mentioned as:
• Assigning various extraction, overburden and interburden thicknesses
to different segments to account for variations of these parameters along
the width of a longwall panel;
• Dividing individual segments into various sub-segments with varying
segmental subsidence parameters in complicated locations, such as above
the edges of a longwall panel and under chain pillars;
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• Introducing a multiplying factor for segmental subsidence parameters
of various segments to take into consideration the changes in geology
and strength of the overburden and/or interburden layers, e.g. presence
of a thick, strong stratum in interburden/overburden above certain
segments;
• Considering the effect of neighbouring panels on the generated sub-
sidence above chain pillars of lower panels in various positions with
respect to upper panels in a series of longwalls; and
• Converting the sectional (2D) predictions of the subsidence into a plan
(3D) prediction by either integrating the predicted 2D sections to gen-
erate a 3D view of subsidence predictions, or developing the concept
of 3D characterisation of multi-seam subsidence on a plan view of the
panels with introducing discrete 2D areas instead of 1D segments and
implementing it into the Discrete-IFM.
8.7 Concluding remarks and significance
In this study, strata movement mechanisms and characteristics of ground
surface subsidence due to multi-seam longwall coal mining have been stud-
ied. Physical modelling, numerical modelling and factual subsidence observa-
tional data analysis were utilised to investigate effects of changing multi-seam
mining configuration on the surface subsidence characteristics. The results
of this investigation were employed to develop a practical method for char-
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acterisation and prediction of multi-seam subsidence.
The approach used in this thesis for achieving a reliable predictive method-
ology for multi-seam subsidence, that is to say developing the knowledge of a
phenomenon by various methods of analysis and then building the required
components of a prediction method on the basis of the developed knowledge,
have proved successful and can be utilised for other similar problems.
Findings of this thesis can be readily employed by subsidence engineers to
better evaluate the impacts of multi-seam subsidence on the ground surface.
The proposed conceptualised characterisation of the multi-seam subsidence
can be used to achieve an initial determination of the subsidence character-
istics, while Discrete-IFM can be utilised for reliable multi-seam subsidence
predictions.
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Figure A.1: Charlton Road incremental multi-seam subsidence and depth of
cover.
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Figure A.2: DL line incremental multi-seam subsidence and depth of cover.
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Figure A.3: LOM line incremental multi-seam subsidence and depth of cover.
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Figure A.4: MBLW4 line incremental multi-seam subsidence and depth of
cover.
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Figure A.5: XL1 line incremental multi-seam subsidence and depth of cover.
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0 500 1000 1500 2000 2500 3000 3500 4000
BSLW2 BSLW3 BSLW4
Distance from start of the survey line (m)
0
-500
-1000
-1500
-2000
-2500
Su
bsi
den
ce 
(m
m)
250
Depth of cover (m)
200
150
Broke Rd depth of coverBroke Rd subsidence
Figure A.7: Broke Road incremental multi-seam subsidence and depth of
cover.
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Table B.1: Discrete-IFM parameters for Charlton Road.
Panel Segment
Width
Ws
Angle of draw
ζs
Subsidence factor
SFs
Weighting factor
S(s)
BSLW1 A 40 m 20◦ 0.1 S(a)a
B 275 m 20◦ 0.9 S(b)a
E 50 m 30◦ 0.3 S(b)
BSLW2 E 30 m 30◦ 0.3 S(b)
D 30 m 20◦ 0.7 S(b)
B 35 m 20◦ 0.9 S(b)
C 70 m 20◦ 1 S(b)
B 225 m 20◦ 0.8 S(b)
A 40 m 20◦ 0.1 S(a)
BSLW3 E 50 m 30◦ 0.3 S(b)
F 70 m 20◦ 0.8 S(b)
C 45 m 20◦ 1 S(b)
F 20 m 20◦ 0.8 S(b)
D 40 m 20◦ 0.7 S(b)
F 20 m 20◦ 0.8 S(b)
C 45 m 20◦ 1 S(b)
F 50 m 20◦ 0.8 S(b)
E 50 m 30◦ 0.3 S(b)
a Tabulated weighting factors for S(a) and S(b) are noted in Table 7.2.
246
Table B.2: Discrete-IFM parameters for DL line.
Panel Segment
Width
Ws
Angle of draw
ζs
Subsidence factor
SFs
Weighting factor
S(s)
BSLW1 E1
a 20 m 30◦ 0.3 S(b)
B 195 m 20◦ 0.9 S(b)
C 55 m 20◦ 1 S(b)
B 30 m 20◦ 0.9 S(b)
D 40 m 20◦ 0.7 S(b)
F 25 m 20◦ 0.8 S(b)
C 45 m 20◦ 1 S(b)
F 80 m 20◦ 0.8 S(b)
E 50 m 30◦ 0.3 S(b)
BSLW2 A 40 m 20◦ 0.1 S(a)
B 250 m 20◦ 0.9 S(b)
C 45 m 20◦ 1 S(b)
B 25 m 20◦ 0.9 S(b)
D 35 m 20◦ 0.7 S(b)
F 25 m 20◦ 0.8 S(b)
C 45 m 20◦ 1 S(b)
F 15 m 20◦ 0.8 S(b)
E 50 m 30◦ 0.3 S(b)
a This segment refer to an edge under chain pillar, in which the following adjustment is
performed:
If the width of this segment is equal or less than 30 m, same characters as Seg. (E) is
considered. If more than 30 m, the first 30 m is considered as Seg. (E) and the rest is
considered as Seg. (D).
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Table B.3: Discrete-IFM parameters for MBLW4 line.
Panel Segment
Width
Ws
Angle of draw
ζs
Subsidence factor
SFs
Weighting factor
S(s)
BSLW4 G a 40 m 15◦ 0.3 S(a)
B 40 m 20◦ 0.9 S(b)
C 80 m 20◦ 1 S(b)
B 165 m 20◦ 0.9 S(b)
C 80 m 20◦ 1 S(b)
B 45 m 20◦ 0.9 S(b)
D 90 m 20◦ 0.7 S(b)
B 50 m 20◦ 0.9 S(b)
C 105 m 20◦ 1 S(b)
B 205 m 20◦ 0.9 S(b)
C 100 m 20◦ 1 S(b)
B 55 m 20◦ 0.9 S(b)
D 75 m 20◦ 0.7 S(b)
B 50 m 20◦ 0.9 S(b)
C 100 m 20◦ 1 S(b)
B 205 m 20◦ 0.9 S(b)
C 100 m 20◦ 1 S(b)
B 50 m 20◦ 0.9 S(b)
D 80 m 20◦ 0.7 S(b)
B 55 m 20◦ 0.9 S(b)
C 100 m 20◦ 1 S(b)
B 205 m 20◦ 0.9 S(b)
C 105 m 20◦ 1 S(b)
B 50 m 20◦ 0.9 S(b)
G1
b 55 m 20◦ 0.9 S(b)
G2
b 55 m 20◦ 0.6 S(b)
G3
b 55 m 20◦ 0.3 S(b)
a Small extension
b Subdividing Seg. (G) to three smaller size segments with gradually decreasing subsidence
factor to account for the further extension of the lower panel
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Table B.4: Discrete-IFM parameters for XL1 line.
Panel Segment
Width
Ws
Angle of draw
ζs
Subsidence factor
SFs
Weighting factor
S(s)
BSLW1 A 40 m 20◦ 0.1 S(a)
B 255 m 20◦ 0.9 S(b)
E1 25 m 30
◦ 0.3 S(b)
BSLW2 E 50 m 30◦ 0.3 S(b)
F 130 m 20◦ 0.8 S(b)
C 60 m 20◦ 1 S(b)
F 30 m 20◦ 0.8 S(b)
D 45 m 20◦ 0.7 S(b)
F 50 m 20◦ 0.8 S(b)
E 50 m 30◦ 0.3 S(b)
BSLW3 E 50 m 30◦ 0.3 S(b)
F 25 m 20◦ 0.8 S(b)
D 45 m 20◦ 0.7 S(b)
B 20 m 20◦ 0.9 S(b)
C 45 m 20◦ 1 S(b)
B 95 m 20◦ 0.9 S(b)
C 45 m 20◦ 1 S(b)
B 20 m 20◦ 0.9 S(b)
D 40 m 20◦ 0.7 S(b)
E 25 m 30◦ 0.3 S(b)
BSLW4 E 50 m 30◦ 0.3 S(b)
F 20 m 20◦ 0.8 S(b)
C 45 m 20◦ 1 S(b)
F 25 m 20◦ 0.8 S(b)
D 40 m 20◦ 0.7 S(b)
B 15 m 20◦ 0.9 S(b)
C 35 m 20◦ 1 S(b)
B 85 m 20◦ 0.9 S(b)
A 40 m 20◦ 0.1 S(a)
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Table B.5: Discrete-IFM parameters for XL2 line.
Panel Segment
Width
Ws
Angle of draw
ζs
Subsidence factor
SFs
Weighting factor
S(s)
BSLW3 A 40 m 20◦ 0.1 S(a)
B 130 m 20◦ 0.9 S(b)
C 45 m 20◦ 1 S(b)
B 25 m 20◦ 0.9 S(b)
D 40 m 20◦ 0.7 S(b)
F 55 m 20◦ 0.8 S(b)
E 50 m 30◦ 0.3 S(b)
BSLW4 E 55 m 30◦ 0.3 S(b)
D 50 m 20◦ 0.7 S(b)
B 30 m 20◦ 0.9 S(b)
C 55 m 20◦ 1 S(b)
B 200 m 20◦ 0.9 S(b)
E1 20 m 30
◦ 0.3 S(b)
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Table B.6: Discrete-IFM parameters for LOM line.
Panel Segment Width Angle of draw Subsidence factor Weighting factor
Ws ζs SFs S(s)
BSLW1 E 50 m 30◦ 0.3 S(b)
D 35 m 20◦ 0.7 S(b)
B 20 m 20◦ 0.9 S(b)
C 40 m 20◦ 1 S(b)
B 80 m 20◦ 0.9 S(b)
C 40 m 20◦ 1 S(b)
B 20 m 20◦ 0.9 S(b)
D 40 m 20◦ 0.7 S(b)
E 45 m 30◦ 0.3 S(b)
BSLW2 E 50 m 30◦ 0.3 S(b)
F 40 m 20◦ 0.8 S(b)
D 35 m 20◦ 0.7 S(b)
B 20 m 20◦ 0.9 S(b)
C 40 m 20◦ 1 S(b)
B 80 m 20◦ 0.9 S(b)
C 40 m 20◦ 1 S(b)
B 20 m 20◦ 0.9 S(b)
D 35 m 20◦ 0.7 S(b)
F 45 m 20◦ 0.8 S(b)
E 50 m 30◦ 0.3 S(b)
BSLW3 E 30 m 30◦ 0.3 S(b)
D 45 m 20◦ 0.7 S(b)
B 25 m 20◦ 0.9 S(b)
C 50 m 20◦ 1 S(b)
B 100 m 20◦ 0.9 S(b)
C 50 m 20◦ 1 S(b)
B 25 m 20◦ 0.9 S(b)
D 35 m 20◦ 0.7 S(b)
F 40 m 20◦ 0.8 S(b)
E 50 m 30◦ 0.3 S(b)
BSLW4 E 50 m 30◦ 0.3 S(b)
F 75 m 20◦ 0.8 S(b)
D 45 m 20◦ 0.7 S(b)
F 30 m 20◦ 0.8 S(b)
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C 60 m 20◦ 1 S(b)
F 100 m 20◦ 0.8 S(b)
E 50 m 30◦ 0.3 S(b)
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